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A B S T R A C T  

A s i m o l e ,  s e m i - e m p i r i c a l  ne r fo rmance  c o r r e l a t i o n / n r e d i c t i o n  
t e c h n i q u e  a a p l i c a b l e  t o  gaseous and l i q u i d  o r o p e l l a n t  r o c k e t  
e n q i n e s  i s  o r e s e n t e d .  F x c e l l e n t  c o r r e l a t i o n s  were a t t a i n e d  f o r  
o v e r  I n 0  t e s t  f i r i n g s  by  " a d j u s t i n q "  t h e  c o m n u t a t i o n  of t h e  
gaseous m i x i n g  o f  an u n r e a c t i v e ,  c o a x i a l  j e t  u s i n g  a  C o r r e l a t i o n  
F a c t o r ,  F, w h i c h  r e s u l t e d  i n  p r e d i c t i o n  o f  t h e  e x p e r i m e n t a l  
c o m b u s t i o n  e f f i c i e n c y  f o r  each f i r i n q .  

S t a t i c  p r e s s u r e ,  mesn v e l o c i t y  and t u r b u l e n c e  i n t e n s i t y  i n  
t h e  d e v e l o p i n g  r e g i o n  o f  n o n - r e a c t i v e  c o a x i a l  j e t s ,  t y n i  c a l  of 
t h o s e  of c o a x i a l  i n j e c t o r  e l e m e n t s  were d e t e r m i n e d .  D e t a i l e d  
p r o f i l e s  were o b t a i n e d  a t  t w e l v e  a x i a l  l o c a t i o n s  ( e x t e n d i n q  f rom 
t h e  n o z z l e  e x i t  f o r  a  d i s t a n c e  of f i v e  d i a m e t e r s )  downstream 
f r o m  a  s i n g l e  e l e m e n t  o f  t h e  P e l 1  Aerosoace H / n 2  1 9 - e l e m e n t  
c o a x i a l  i n j e c t o r ,  These d a t a  a r e  compared w i  $ h  a n a l y t i c a l  o r e -  
d i c t i o n s  made u s i n g  b o t h  eddy v i s c o s i t y  and t u r b u l e n c e  k i n e t i c  
ene rgy  m i x i n g  mode ls  and a v a i l a b l e  computer  codes.  Comoar isons 
were d i s a p p o i n t i n g ,  d e m o n s t r a t i n g  t h e  n e c e s s i t y  o f  t j e v e l o n i n g  
i m p r o v e d  t u r b u l e n c e  mode ls  and c o m n u t a t i o n a l  t e c h n i q u e s  b e f o r e  
d e t a i l e d  p r e d i c t i o n s  of p r a c t i c a l  c o a x i a l  f r e e  j e t  f l o w s  a r e  
a t t e m p t e d .  



i .  SUMMARY 

A s imo le ,  s e m l - c m p i r l c a l  pe r fo rmance  c o r r e l a t i o n / p r e d i c t i o n  
t echn ique  a p n l i c a b l e  t o  gaseous and l i , q u f d  o r o p c l l a n t  r o c k e t  
eng ines i s  n resen ted .  E x c e l l e n t  c o r r e l a t i o n s  were a t t a i n e d  by  I 

" a d j u s t i n g "  t h e  compu ta t i on  of t h e  gaseous m i x i n g  o f  an u n r e a c t i v e ,  A 

c o a x i a l  j e t  u s i n g  a C o r r e l a t i o n  F a c t o r ,  F, wh ich  r e s u l t e d  i n  p r e -  f 
d i c t i o n  o f  t he  expe r imen ta l  combust ion e f f i c i e n c y  f o r  each f i r i n g .  i 
The t echn ique  was s u c c e s s f u l l y  a p p l i e d  t o  Rocketdyne, A e r o j e t ,  
TRW, and B e l l  Aerospace qaseous 112/02 r o c k e t  enq ines  u t i l i z i n )  
c o a x i a l ,  t r i o l e t ,  t r i s l o t ,  o remix ,  and r e v e r s e  f l o w  i n j e c t o r  ! 

e lements,  and t o  B e l l ' s  6000 1 b - t h r u s t  O r b i t a l  Maneuver ing and 
600 l b - t h r u s t  R e a c t i o n  C o n t r o l  Engines,  wh ich  u t i l i z e  t r i p l e t  
and u n l i k e  d o u b l e t  i n j e c t o r  e lements ,  r e s p e c t i v e l y ,  and l i q u f d  
monomethy lhydraz ine and n i t r i c  o x i d e  p r o p e l l a n t s .  

T e s t  da ta  f rom over  100 f i r i n g s ,  r e p r e s e n t i n g  a  wide r a n g e  
of eng ine  s i z e s  and f l o w  c o n d i t i o n s ,  were compressed when t h e  
C o r r e l a t i o n  F a c t o r ,  F, t imes  t h e  Chamber Length,  L,  d i v i d e d  by 
t h e  " e f f e c t i v e "  r a d i u s ,  R1, was p l o t t e d  ve rsus  t h e  r a t i o  of t h e  
i n j e c t i o n  v e l o c i t y  o f  t h e  f u e l  d i v i d e d  by t h e  I n j e c t i o n  v e l o c i t y  
o f  o x i d i z e r .  The r e s u l t i n g  c o r r e l a t i o n s  a r e  u s e f u l  f o r  compar ing 
t h e  e f f e c t i v e n e s s  o f  d i f f e r e n t  i n j e c t o r s  a t  t h e  same v e l o c i t y  
r a t i o s  (wh i ch  a r e  p r o p o r t i o n a l  t o  t h e  mass f l u x  r a t i o s ) ,  f o r  p r e -  
d i c t i n g  optimum o p e r a t i n g  c o n d i t i o n s  f o r  a  g i v e n  i n j e c t o r  geom- 
e t r y ,  and f o r  assess ing  t h e  c o n s i s t e n c y  o f  t e s t  da ta .  Be fo re  
l i q u i d  r o c k e t  and Space S h u t t l e  Ma in  Eng ine  per fo rmance  p r e d i c t i o n s  
can be made w i t h  con f i dence ,  a d d i t i o n a l  l i q u i d  r o c k e t  da ta ,  
c o v e r i n g  a w ider  r ange  o f  c o n d i t i o n s  mus t  be . c o r r e l a t e d .  

S t a t i c  a ressu re ,  mean v e l o c i t y  and t u r b u l e n c e  i n t e n s i t y  i n  
t h e  deve lop ing  r e g i o n  o f  n o n - r e a c t i v e  c o a x i a l  j e t s ,  t y p i c a l  o f  
t hose  of c o a x i a l  i n j e c t o r  e lements,  a r e  p resen ted .  D e t a i l e d  
p r o f i l c s  were o b t a i n e d  a t  t w e l v e  a x i a l  l o c a t i o n s  ( e x t e n d i n g  f r om 
t h e  n o z z l e  e x i t  f o r  a  d i s t a n c e  o f  f i v e  d i a m e t e r s )  downstream f r o m  
a  s i n g l e  element o f  t h e  B e l l  Aerospace H 2 / 0 2  19-e lement  c o a x i a l  
i n j e c t o r ,  Measurements o f  mass- f lux  oe r  u n i t  a rea  ( u s i n g  a  
c o n s t a n t  tempera tu re  anemometer); t o t a l  p ressu re ,  and l o c a l  
tempera tu re  were used i n  t h e  d e t e r m i n a t i o n  of l o c a l  s t a t i c  p r e s -  
su re  and v e l o c i t y .  These da ta  show a l o w  p r e s s u r e  r e g i o n  e x i s t s  
near  t h e  n u z z l e  e x i t .  A l t hough  t h i s  o r e s s u r c  r e d u c t i o n  i s  s m a l l  
(0. 34 p s i ) ,  i t  s u b s t a n t i a l l y  a l t e r e d  t h e  f l o w  development.  
Comparison o f  r e s u l t s  shows t h a t  v e l o c i t y  near  t h e  n o z z l e  e x i t  
decreased i n i t i a l l y  ( t h e r e  was no c e n t r a l  v e l o c i t y  c o r e )  as a  
r e s u l t  o f  b o t h  p r e s s u r e  g r a d i e n t s  and v i s c o u s  m i x i n g .  These 
d a t a  a r e  compared n i  t h  a n a l y t i c a l  p r e d i c t i o n s  made u s i n g  b o t h  
eddy v i s c o s i t y  and t u r b u l e n c e  k i n e t i c  energy  m i x i n g  models and 
a v a i l a b l e  computer codes. Comparisons were d i s a p p o i n t i n g ,  
demons t ra t i ng  t h e  n e c e s s i t y  o f  d e v e l o p i n g  improved t u r b u l e n c e  
models and compu ta t i ona l  techniques b e f o r e  d e t a i  l e d  p r e d i c t i o n s  
of p r a c t i c c l  c o a x i a l  f r e e  j e t  f l ows  a r e  a t tempted .  



11. INTRODUCTION 

Background 

As combus to rs  become more complex  and m i s s i o n  c o n s i d e r a t i o n s  
r e q u i r e  maximum d e l i v e r e d  p e r f o r m a n ~ e ,  t h e  need f o r  q u a n t i t a t i v e  
p r e d i c t 1  on o f  pe r fo rmance  o f  advanced p r o p u l  s i  on systems becomes 
i n c r e a s i n g l y  i m p o r t a n t ,  I n  t h e  p e s t ,  t h e  d e s i g n  and o p t i m i z a t i o n  
o f  r o c k e t  and r a m j e t  combus to rs  has beet :ccompl ished p r i m a r i l y  
u s i n g  t r i a l - a n d - e r r o r  p r o c e d u r e s .  A l t h o u g h  t h i s  app roach  can he 
v e r y  c o s t l y  and t i m e  consuming,  t h e  e x t r o m e l y  c o m ~ l e x  p r o c e s s e s  - 
f o r  example, i n j e c t i o n ,  m i x i n g ,  and c o m b u s t i o n  - t h a t  o c c u r  i n  a  
p r a c t i c a l  combus to r ,  and t h e i r  i n t e r a c t i o n s ,  have d e f i e d  d e t a : i e d  
a n a l y s i s  l e a v i n g  l i t t l e  a l t e r n a t i v e .  T h a t  i s ,  t h e  t u r b u l e n t  m i x i n g  
r e a c t i n g  f l o w  f i e l d  w i t h i n  p r a c t i c a l  combus to rs ,  w h i c h  c o n s i s t s  of 
uns teady ,  t h r e e - d i m e n s i o n a l  f l o w s ,  r e c i r c u l a t i o n  r e n i o n s  ( a t  l e a s t  
i n  t h e  immed ia te  v i c i n i t y  o f  t h e  i n j e c t o r ) ,  and s i g n i f i c a n t  r a d i a l  
and a x i a l  p r e s s u r e  g r a d i e n t s ,  c a n n o t  be p r e d i c t e d  i n  d e t a i l ,  e .g . ,  
Ref .  1 .  T h e r e f o r e ,  a  s e m i - e m p i r i c a l  a p p r o a c h  m u s t  he * lsed i f  
p r e d i c t i o n s  o f  t h e  p e r f o r m a n c e  of p r a c t i c a l  combus to rs  a r e  t o  be  
made u t i l i z i n g  c u r r e n t  l i m i t e d  a n a l y t i c a l  c a p a b i l i t i e s ,  and e x -  
i s t i n g  t u r b u l e n c e  mode ls ,  e.g. ,  R e f .  2.  

Recent  success  i n  t h e  d e v e l c v m e n t  o f  a s i m p l e  e m ~ i r i c a l  eddy 
v i s c o s i t y  model ( 3 , 4 , 5 )  sugges ted  t h a t  i t  m i g h t  he used i n  a  semi -  
e m p i r i c a l  c o r r e l a t i o n  t e c h n t q u e  based on t h e  r a t i o n a l  a s s u m n t i o n  
t h a t  t h e  t u r b u l e n t  m i x i n g  o f  r e a c t a n t s  i s  t h e  r a t e  c o n t r o l l i n g  
p r o c e s s  i n  combus to rs  e m p l o y i n g  d i f f u s i o n  f l a m e s ,  I f  such a  c o r -  
r e l a t i o n  t e c h n i q u e  c o u l d  be made t o  work ,  i t  wou ld  p r o d u c e  d e s i g n  
g u i d a n c e  y e a r s  b e f o r e  t h e  e x t r e m e l y  s o p h i s t i c a t e d  c o : ~ r ~ u t a t i o n a l  
t e c h n i q u e s  t h a t  a r e  needed t o  c h a r a c t e r i z e .  i n  d e t a i l ,  t h e  t u r b u -  
l e n t  r e a c t i n q  f l o w s  o f  p r a c t i c a l  combus to rs  - i f  i n d e e d  t h e y  can 
be! The deve lopmen t  o f  a  s e m i - e m p i r i c a l  c o r r e l a t i o n / ~ r e d i c t i o n  
t e c h n i q u e  was t h e  s u b j e c t  o f  t h i s  c o n t r a c t ;  t o  a s s i s t  i n  t h e  d e -  
ve lopment ,  v a r i o u s  t u r b u l e n c e  mode ls  were e v a l u a t e d  b y  cornoar ison 
of p r e d i c t i o n s  w i t h  h o t - w i r e  anemometry d a t a .  

O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  c o n t r a c t  was t o  o b t a i n  a  s e m i - e m ~ i r i c a l  
t e c h n i q u e  f o  p r e d i c t i n g  combustor  p e r f o r m a n c e  ( C *  e f f i c i e n c y )  
f o r  gaseous p r o p e l l a n t s .  I n  o r d e r  t o  a c c o m p l i s h  t h i s  o b j e c t i v e ,  
a  l a r g e  number o f  a c t u a l  r o c k e t  t e s t  d a t a ,  c o v e r i n g  a  w i d e  r a n g e  
of t e s t  c o n d i t i o n s  acd i n j e c t o r  g e o m e t r i e s ,  f i r s t  had t o  be 
s u c c e s s f u l l y  c o r r e l a t e d .  

Program D e s c r i p t i o n  

The program c o n s i s t e d  o f  a p p l y i n g  an e x i s t i n g  t e c h n i q u e ,  
p r e v i o u s l y  d e v e l o p e d  a t  B e l l  Aerospace Comoany, Ref .  6, f o r  t h e  
p r e d i c t i o n  o f  c o m b u s t i o n  e f f i c i e n c y  o f  gaseous I42103 r o c k e t  



e n g i n e s  u t i l i z i n g  t h e  f o l l o w i n g  t y p e s  o f  i n j e c t o r s :  c o a x i a l ,  
t r i p l e t ,  t r i s l o t ,  p rem ix ,  and r e v e r s e  f l o w .  

I n  o r d e r  t o  b e t t e r  c h a r a c t e r i z e  t h e  c o a x i a l  i n j e c t o r  e lemen t ,  
w h i c h  fo rmed t h e  b a s i s  o f  t h e  t e c h n i q u e ,  d e t a i l e d  f l o w  measure-  
ments  were  made d u r i n g  c o l d - f l o w  t e s t s  o f  s i m u l a t e d ,  c o a x i a l  i n -  
j e c t o r s  u s i n g  h o t - w i r e  i n s t r u m e n t a t i o n .  These measurements f o r  
a  c o a x i a l  j e t  i n  w h i c h  t h e  o u t e r  j e t  v e l o c i t y  was 700 f t / s e c  and 
t h e  c e n t r a l  j e t  v e l o c i t y  250 f t / s e c  d e m o n s t r a t e d  t h a t  c o n v e n t i o n a l  
m o d e l i n g  t e c h n i q u e s  w i l l  n o t  a p p l y ;  r e d u c t i o n s  i n  s t a t i c  p r e s s u r e  
of  o v e r  0.3 p s i  o c c u r r e d  i n  t h e  v i c i n i t y  o f  t h e  i n j e c t i o n  s t a t i o n ,  
and t h a t  s i g n i f i c a n t  and unexpec ted  r a d i a l  and a x i a l  p r e s s u r e  
g r a d i e n t s  were p r e s e n t .  

C ~ i ~ ~ p u t a t i o n s  a l s o  were  made u s i n g  t h e  new S p a l d i n g  (BRASS) 
and t h e  B e l l  Aerospace J e t  m i x i n g  programs,  and compared w i t h  t h e  
d a t a .  Agreement w i t h  t h e  a c t u a l  d a t a  was n o t  a t  a l l  good. 

A b i n a r y  (mach ine  l a n g u a g e )  deck  c o m p a t i b l e  w i t h  t h e  70901  
7094 Data P r o c e s s i n g  System a t  NASA-LeRC has been p r e p a r e d  f o r  
NASA-LeRC . 

Because t h e  c o r r e l a t i o n  t e c h n i q u e  i s  based on a c t u a l  e x o e r -  
i m e n t a l  d a t a  u s i n g  a  semi - e m p i r i c a l  apo roach ,  i t  apoeared  1  i k e l y  
t h a t  l i q u i d ,  and l i q u i d / g a s e o u s - f u e l e d  r o c k e t  e n g i n e  p e r f o r m a n c e  
a1 so c o u l d  be c o r r e l a t e d ,  and u l t i m a t e l y  p r e d i c t e d  t h r o u g h  i t s  
a p p l i c a t i o n .  The t e c h n i q u e  was s u c c e s s f u l l y  a p p l i e d  t o  t h e  
l i q u i d - f u e l e d  B e l l  Aerospace O r b i t a l  Maneuver ing  and R e a c t i o n  
C o n t r o l  Eng ines ,  and t h e  l i q u i d / g a s e o u s - f u e l e d  Rocke tdyne  Space 
S h u t t l e  Ma in  Eng ine .  A l t h a u g h  beyond t h e  scope of t h i s  c o n t r a c t ,  
r e s u l t s  o f  t h e s e  a n a l y s e s  a r e  i n c l u d e d  i n  t h i s  r e p o r t  because o f  
t h e i r  p o t e n t i a l  i m p o r t a n c e .  

111. ANALYSIS 

B a s i s  f o r  C o r r e l a t i o n  

The c o r r e l a t i o n  t e c h n i q u e  was based on t h e  a s s u m p t i o n  t h a t  
t u r b u l e n t  m i x i n g  a l o n e  i s  t h e  r a t e  c o n t r o l l i n g  p r o c e s s ;  t h e r e f o r e ,  
t h e  r a t e  of c h e m i c a l  r e a c t i o n s  t h a t  o c c u r  i n  combus to rs  was a s -  
sumed t o  be v e r y  f a s t  compared t o  t h e  m i x i n g  r a t e .  S i n c e  a l m o s t  
a l l  p r a c t i c a l  combus to rs  a r e  f u e l e d  w i t h  e x t r e m e l y  r e a c t i v e  p r o -  
p e l l a n t s ,  t h i s  a s s u m p t i o n  appears  p l a u s a h l e ;  mak ing  i t  p e r m i t s  
e n g i n e  pe r fo rmance ,  i . e . ,  c o m b u s t i o n  e f f i c i e n c y ,  t o  be computed 
w i t h o u t  c o n s i d e r i n g  t h e  f i n i t e - r a t e  c h e m i c a l  k i n e t i c s ,  and r e -  
s u l t e d  i n  an  enormous s a v i n g s  i n  computer  t i m e .  A f i n a l  s i m p l i -  
f i c a t i o n ,  w h i c h  a l s o  appeared j u s t i f i e d  s i n c e  o n l y  an e m p i r i c a l  
c o r r e l a t i o n  was b e i n g  sought ,  was t h a t  t h e  s t a g n a t i o n  t e m p e r a t u r e  
r e m a i n s  c o n s t a n t  and e q u a l  t o  t h e  i n i t i a l  ( u n r e a c t e d )  ~ r o ~ e l l a n t  
t e m p e r a t g r e  b e f o r e  c o m b ~ ~ s t i o n ,  r a t h e r  t h a n  u s i n g  a  computed 
t e m p e r a t u r e  based on  t h e  e x t e n t  of t h e  m i x i n g  and r e a c t i o n .  



F o r  t h e  p r a c t i c a l  gaseous H2/0 i n j e c t o r s  a n a l y z e d ,  excess  
hydrogen,  r e q u i r e d  f o r  c o o l i n g  and I e r f o r m a n c e  o p t i m i z a t : o n ,  was 
used i n  each of t h e  i n j e c t o r  e l e m e n t s .  I n  such c o n f i g u r a t i o n s ,  
most  of t h e  oxygen u l t i m a t e l y  s h o u l d  r e a c t  w i t h  hyd rogen  f r o m  
t h e  same e lemen t ;  t h e r e f o r e ,  t h e  i n t e r a c t i o n  b$?tween i n j e c t o r  
e l e m e n t s  c o u l d  be n e g l e c t e d  as a  f i r s t  a p p r o ~ i n ~ a t i o n .  U s i n g  t h i s  
a s s u m p t i o n  p e r m i t t e d  t h e  a x i s y m m e t r i c  m i x i n g  model and n u m e r i c a l  
i n t e g r a t i o n  p r o c e d u r e  ( d i s c u s s e d  b e l o w )  t o  be a p p l i e d  d i r e c t l y  
f o r  t h e  c o m p u t a t i o n  o f  combus to r  pe r fo rmance ;  t h a t  i s ,  t h e  c a l c u -  
l a t i o n  of t h e  m i x i n g  f o r  a s i n g l e  c o a x i a l  i n j e c t o r  e lemen t  ( o r  
" e q u i v a l e n t "  c o a x i a l  e lemen t  f o r  o t h e r  i n j e c t o r  t y p e s )  c o u l d  be  
assumed i n d i c a t i v e  of  each of t h e  i n j e c t o r  e l e m e n t s ,  t h e r e b y  
p e r m i t t i n g  c o r r e l a t i o n  and p r e d i c t i o n  o f  t h e  p e r f o r m a n c e  o f  t h e  
o v e r a l l  combus to r  t o  be made based on t h e  m i x i n g  o f  a  s i n g l e  
e l e m e n t .  

O f  c o u r s e ,  p e r f o r m a n c e  computed u s i n q  a  m i x i n g  model  a o o l i -  
c a b l e  t o  n o n r e a c t i v e  c o f l o w i n g  f r e e  j e t s ,  w i t h o u t  p r e s s u r e  g r a d i -  
e n t s ,  c o u l d  n o t  be e x o e c t e d  t o  p r e d i c t  a c t u a l  r o c k e t  e n g i n e  Der -  
fo rmance w i t h o u t  m o d i f i c a t i o n .  The app roach  s e l e c t e d  h e r e i n  was 
t o  e m p i r i c a l l y  a d j u s t  t h e  v a l u e s  of  t h e  eddy v i s c o s i t y  p r e d i c t e d  
u s i n g  t h e  m i x i n g  model of Ref.  3 (d i scussed  be1ow)by m u l t i p l y i n g  
i t  by  a  C o r r e l a t i o n  F a c t o r ,  F, w h i c h  r e m a i n e d  c o n s t a n t  i n  each 
per fo rmance c a l c u l a t i o n ,  t h a t  i s ,  t h e  v a l u e  o f  t h e  t u r b u l e n t  
m i x i n g  c o e f f i c i e n t  (eddy  v i s c o s i t y )  used  f o r  t h e  p e r f o r m a n c e  
c a l c u l a t i o n  became 

The v a l u e  o f  F  was o b t a i n e d  b y  i t e r a t i o n  f o r  a  p a r t i c u l a r  s e t  o f  
per fo rmance d a t a  u n t i l  

The l i n e a r i t y  between F and n d  a s s i s t e d  g r e a t l y  i n  o b t a i n i n g  
t h e  d e s i r e d  v a l u e  o f  vpred wh!cl s a t i s f i e d  t h e  i n e q u a l i t y  

T h a t  i s ,  t h e  v a l u e  of nqred was w i t h i n  0 . 1 %  o f  t h e  v a l u e  of  nexr  
f o r  a l l  t h e  c o r r e l a t i o n s  r e p o r t e d  h e r e i n .  



Because t h e  C o r r e l a t i o n  F a c t o r ,  F, was e m p i r i c a l l y  
d e t e r m i n e d ,  i t  i n c l u d e s  a  v a r i e t y  o f  " r e a l - w o r l d "  e f f e c t s  such  
a s  t h e  i n f l u e n c e  o f  m u l t i p l e - j e t  i n t e r a c t i o n ,  h e a t  l o s s e s ,  t h e  
i n t e r a c t i o n  o f  m i x i n g  and  c o m b u s t i o n ,  and  l o c a l  t e m p e r a t u r e  a n d  
d e n s i t y  v a r i a t i o n s .  F o r  examp le ,  c o m p u t a t i o n  o f  t h e  d e t a i l e d  
c h e m i c a l  k i n e t i c s  r e q u i r e s  i n s t a n t a n e o u s  ( m o l e c u l a r )  c o n c e n t r a -  
t i o n s ,  r a t h e r  t h a n  t h e  t i m e - a v e r a g e d  c o n c e n t r a t i o n s .  T h e r e f o r e ,  
even  i f  t i m e - a v e r a g e d  c o n c e n t r a t i o n s  c o u l d  be a c c u r a t e l y  com- 
p u t e d ,  t h e y  c o u l d  - n o t  be e x p e c t e d  t o  y i e l d  a p p r o p r i a t e  r e a c t i o n  
r a t e s  w i t h o u t  some e m p i r i c a l  m o d i f i c a t i o n  t o  e i t h e r  t h e  mean 
c o n c e n t r a t i o n  o r  t h e  c h e m i c a l  k i n e t i c  r a t e  c o n s t a n t .  U n f o r t u -  
n a t e l y ,  such  s o p h i s t i c a t e d  m o d e l i n g  i s  beyond c u r r e n t  c a p a b i l i -  
t i e s ,  e .g . ,  R e f .  7 .  

The i m p o r t a n t  f e a t u r e  o f  t h i s  a p p r o a c h  i s  t h a t  i t  r e t a i n e d  
t h e  n o n l i n e a r  e f f e c t s  o f  b o t h  t h e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  
( s h e a r  l a y e r  e q u a t i o n s ) ,  and t h e  m i x i n g  m o d e l .  U s i n g  i t ,  c o r -  
r e l a t i o n s  a p p l i c a b l e  o v e r  a  w i d e r  r d n g e  o f  c o m b u s t o r  v a r i a b l e s  
we re  a n t i c i p a t e d  t h a n  when u s i n g  p u r e l y  e m p i r i c a l  c o r r e l a t i o n s  
a l o n e  - f o r  example ,  d a t a  f i t t i n g  t e c h n i q u e s .  I n  p a r t i c u l a r ,  
b e t t e r  s c a l i n g  was a n t i c i p a t e d  u s i n g  t h e  p r o p o s e d  t e c h n i q u e  t h a n  
w i t h  p r e v i o u s  t e c h n i q u e s  because  t h e  s i z e  o f  t h e  i n d i v i d u a l  i n -  
j e c t o r  e l e m e n t s  and  a c t u a l  chamber  l e n g t h  i s  u s e d  i n  t h e  c a l c u l a  
t i o n s  r a t h e r  t h a n ,  f o r  example ,  t h e  o v e r a l l  chamber  d i a m e t e r .  
No te ,  t h a t  t h e  eddy  v i s c o s i t y  m i x i n g  model  upon  w h i c h  t h e  c o r -  
r e l a t i o n  t e c h n i q u e  i s  based  has  been d e m o n s t r a t e d  t o  be a p p l i -  
c a b l e  f o r  c o n d i t i o n s  c o v e r i n g  a  r e a s o n a b l y  w i d e  r a n g e  o f  geome- 
t r i e s  and v e l o c i t i e s ;  d a t a  we re  u s e d  i n  t h e  mode l  d e v e l o p m e n t  
i n  w h i c h  j e t  a r e a s  and v e l o c i t i e s  v a r i e d  b y  f a c t o r s  o f  30,000 
a n d  2,500, r e s p e c t i v e l y ,  R e f s .  4,  5. 

O f  c o u r s e ,  a  t e c h n i q u e  i n  w h i c h  c o r r e l a t i o n  o f  a n  c x p e r i -  
m e n t a l l y  d e t e r m i n e d ,  lumped p e r f o r m a n c e  p a r a m e t e r  l i k e  c o m b u s t i o n  
e f f i c i e n c y  i s  o b t a i n e d  assum ing  m i x i n g  a l o n e  t o  be t h e  r a t e  c o n -  
t r o l l i n g  p r o c e s s ,  w i l l  n o t  p r e d i c t  d e t a i l s  o f  t h e  comp lex  m i x i n g  
and r e a c t i n g  f l o w  f i e l d ,  such  as  l o c a l  v e l o c i t y ,  c o m p o s i t i o n ,  a n d  
t e m p e r a t u r e .  Such d e t a i l s  o n l y  c a n  be computed  when each  c f  t h e  
p r o c e s s e s  i m p o r t a n t  i n  a  c o m b u s t o r  a r e  i n c l u d e d  i r  e x t r e m e l y  
s o p h i s t i c a t e d  a n a l y s e s  t h a t  a r e  beyond c u r r e n t  c a p a b i l i t i e s .  
C e r t a i n l y  as a  minimum i n  s u c h  a n a l y s e s ,  t h e  s imu ; taneous  t u r b u -  
l e n t  m i x i n g  and  c h e m i c a l  k i n e t i c s  and  t h e i r  i n t e r a c t i o n s  m u s t  be  
c o n s i d e r e d ,  as  w e l l  a s  t h e  i n f l u e n c e s  o f  m u l t i p l e  e l e m e n t s ;  i n  
a d d i t i o n ,  r e c i r c u l a t i o n  e f f e c t s  a l s o  m u s t  be c o n s i d e r e d  i n  such  
a n a l y s e s  s i n c e  t h e y  p r o v i d e  t h e  s o u r c e  o f  i g n i t i o n  once  c o m b u s t i o n  
has been i n i t i a t e d .  

E m p i r i c a l  A x i s y m m e t r i c  M i x i n g  Mode l  

D e t a i l s  o f  t h e  d e v e l o p m e n t  o f  a n  e m p i r i c a l ,  mass d e f e c t ,  
e d d y - v i s c o s i t y - t y p e ,  t u r b u l e n t  m i x i n g  mode l  t h a t  r e a u l t e d  i n  



c o r r e l a t i o n  o f  b o t h  mean q u a n t i t i e s  and  t u r b u l e n c e  p a r a m e t e r s  
has  been r e p o r t e d ,  R e f s .  3 t o  5.  Because  a n  e m p i r i c a l  C o r r e l a -  
t i o n  F a c t o r ,  F, was t o  be a p p l i e d  f o r  c o m b u s t o r  c o r r e l a t i o n s ,  
t h e  s i m p l e r  mode l  o f  R e f .  3 was s e l e c t e d .  T h i s  mode l  p e r m i t s  
p r e d i c t i o n  o f  t h e  s h e a r  s t r e s s  a t  t h e  v e l o c i t y  h a l f  w i d t h  o f  t h e  
j e t ,  w h i c h  i s  t h e  p o i n t  a t  w h i c h  t h e  t u r b u l e n t  s h e a r  s t r e s s  a p -  
p r o x i m a t e l y  r e a c h e s  i t s  maximum v a l u e ,  and  i s *  

The more  comp lex  v e r s i o n  of  t h e  mode l  i n  Re fs .  4 and  5 w h i c h  
p r e d i c t s  r a d i a l  s h e a r  s t r e s s  d i s t r i b u t i o n s  a s  w e l l ,  was n o t  r e -  
q u i r e d  i n  t h e  s e m i - e m p i r i c a l  c o r r e l a t i o n  t e c h n i q u e .  As a  
f u r t h e r  s i m p l i f i c a t i o n ,  n o  e f f o r t  was made t o  mode l  t h e  c o r e  
r e g i o n  of  t h e  c o a x i a l  j e t  s e p a r a t e l y  f r o m  t h e  t r a n s i t i o n  r e g i o n  
( F i g u r e  2 ) ,  even  t h o u g h  s u c h  a  d i s t i n c t i o n  m u s t  be  made i n  d e -  
t a i l e d  f l o w  a n a l y s e s ,  R e f .  4 .  The  r e l a t i v e l y  s i m p l e  mass d e f e c t  
mode l  o f  E q .  ( 4 )  was c o n s i d e r e d  a d e q u a t e  f o r  t h e s e  c o r r e l a t i o n s  
s i n c e  a  C o r r e l a t i o n  F a c t o r ,  F, t o  be  d e t e r m i n e d  e m p i r i c a l l y ,  
w o u l d  compensate  f o r  t h e  m o d e l ' s  l a c k  o f  g e n e r a l i t y ,  as  l o n q  as  
t h e  g e n e r a 1  f u n c t i o n a l  f o r m  of t h e  mode l  was v a l i d  and  m i x i n q  
i s  i n d e e d  t h e  r a t e  c o n t r o l 1  i n g  p r o c e s s  i n  c o m b u s t o r s  e n ~ l o y i n q  
d i f f u s i o n  f l a m e s .  T h a t  i s ,  a l l  t h e  comp lex  e f f e c t s  w h i c h  a r e  
p r e s e n t  i n  a n  a c t u a l  c o m b u s t o r  and  i n f l u e n c e  i t s  p e r f o r m a n c e ,  
such  a s  p r e s s u r e  g r a d i e n t s  and  h e a t  l o s s e s ,  as  w e l l  as  t h e  chem- 
i c a l  k i n e t i c s ,  a r e  lumped e m p i r i c a l l y  i n  t h e  s i n g l e  C o r r e l a t i o n  
F a c t o r ,  F .  

C o m b u s t i o n  E f f i c i e n c y  C a l c u l a t i o n  

I n  t h e  c o r r e l a t i o n  p r o c e d u r e ,  t h e  c o m b u s t i o n  e f f i c i e n c y  was 
compu ted  b y  c o n s i d e r i n g  o n l y  t h e  n o n - r e a c t i v e  m i x i n q  o f  t h e  H 2  
and  0 2  p r o p e l l a n t s ;  no  c h e m i c a l  r e a c t i o n  n o r  change  i n  s t a q n a t i o n  
t e m p e r a t u r e  was c o n s i d e r e d .  I n  o r d e r  t o  comou te  t h e  c o m b u s t i o n  
e f f i c i e n c y ,  r, t h e  a s s u m p t i o n  was made t h a t  wheneve r  H 2  and  
02 were  m ixedPy$g ; l l  , t h e  H 2 0  f o r m e d  a t  t h a t  p o i n t  c o u l d  be 7-Y computed  d i r e c t  y f r o m  t h e  l i m i t i n g  c o n s t i t u e n t .  The t o t a l  mass 
f l o w  r a t e  o f  Hz0 t h a t  r e s u l t e d  f r o m  t h i s  a s s u m p t i o n  was d e t e r m i n e d  
b y  n u m e r i c a l  i n t e g r a t i o n  a t  each  a x i a l  s t a t i o n ;  i t s  d i v i s i o n  b y  
t h e  maximum mass f l o w  r a t e  o f  w a t e r  t h a t  c o u l d  be f o r m e d  when a l l  

*Symbols  a r e  d e f i n e d  i n  NOMENCLATURE 



t h e  O 2  was r e a c t e d  ( s i n c e  H2 a l w a y s  was i n  e x c e s s ) ,  y i e l d e d  t h e  
p r e d i c t e d  c o m b u s t i o n  e f f i c i e n c y ,  TI d.  U s i n g  t h e s e  a s s u m p t i o n s ,  
q w i l l  i n c r e a s e  w i t h  a x i a l  l e n g t R ,  u n t i l  u l t i m a t e l y  i t  
a g p r t a c h e s  100%. A l t h o u g h  t h i s  a s s u m p t i o n  o b v i o u s l y  i s  n o t  v a l i d  
< n  c t u a l  combus to rs ,  s i n c e  c h e m f c a l  e q u i l i b r i u m  and h e a t  l o s s e s  
p r v e n t  a t t a i n m e n t  of  c o m p l e t e  r e a c t i o n  (and  hence 100% c o m b u s t i o n )  
eve:5 f o r  v e r y  l o n g  chambers,  t h e  a s s u m p t i o n  t h a t  red i n c r e a s e s  
w i t h  i n c r e a s i n g  chamber l e n g t h  appears  r e a s o n a b l e  F o r  p r a c t i c a l  
combus to rs  w h i c h  a lways  a r e  r e a s o n a b l y  s h o r t .  As d e m o n s t r a t e d  
below,  t h e s e  s i m p l i f y i n g  assumpt ions ,  w h i l e  p r e c l u d i n g  c o m p u t a t i o n  
o f  d e t a i l e d  f l o w  c o n d i t i o n s  such as  l o c a l  c o n c e n t r a t i o n  o r  v e l o c -  
i t y ,  do - n o t  a d v e r s e l y  a f f e c t  t h e  p r e d i c t i o n  o f  c o m b u s t i o n  
e f f i  n i e n c y .  

The c o m b u s t i o n  e f f i c i e n c y  was computed i n  t h e  f o l l o w i n g  
manner. The l o c a l  mass f r a c t i o n  of H20, Y H ~ o ,  t h a t  wou ld  have 
o c c u r r e d  as a  r e s u l t  o f  m i x i n g  was computed as 

F o r  t h e  cases  c o n s i d e r e d ,  i n  w h i c h  He was a l w a y s  i n  excess ,  t h e  
maximum q u a n t , t y  o f  w a t e r  fcrmed was p r o p o r t i o n a l  t o  t h e  i n i t i a l  
f l o w  r a t e  o f  02; t h a t  i s ,  a l l  t h e  02 wou ld  u l t i m a t e l y  r e a c t  t o  
form H20, so t h a t  

('H 0 )  
- 9 - g (Go 

2 max 2  

T h e r e f o r e ,  t h e  , v e r a l l  c o m b u s t i o n  e f f i c i e n c y  a t  any  a x i a l  s t a t i o n  
Nas computed as 

where ra i s  thf. f r e e s t r e a m  boundary  w h i c h  d e f i n e s  t h e  e x t e n t  o f  
t h e  shear  l a ? e r ,  i . e . ,  m i x i n g  r e g i o n .  

Lne c o m p u t a t i o n  f o r  qp red ,  t h e  q o v e r n i n g  e q u a t i o n s  o f  
change, w h i c h  a r e  t h e  shear  l a y e r  e q u a t i o n s ,  were  s o l v e d  



n u m e r i c a l l y  i n  von M i s s e s  c o o r d i n a t e s  u s i n g  a  s t a n d a r d  e x p l i c i t  
f i n i t e  d i f f e r e n c e  method,  s i m i l a r  t o  t h a t  d e s c r i b e d  i n  R e f .  8. 
F o r  s i m p l i c i t y ,  t h e  o u t e r  ( e x t e r n a l )  H z  s t r e a m  was assumed t o  be 
i n f i n i t e  i n  e x L e n t  ( F i g u r e  2 )  w h i c h  was c o n s i s t e n t  w i t h  t h e  a s -  
s u m p t i o n  o f  excess  H z .  O f  c o u r s e ,  t h i s  meant  t h a t  t h e  v e l o c i t y  
a t  t h e  o u t e r  edge o f  t h e  hyd rogen  s t r e a m  ( f r e e s t r e a m )  a l w a y s  
r e m a i n e d  c o n s t a n t ,  and e q u a l  t o  i t s  i n i t i a l  v a l u e ,  w h i c h  i s  n o t  
t h e  case i n  an a c t u a l  c o a x i a l  i n j e c t o r  e l e m e n t ,  as d e m o n s t r a m  
i n  t h e  n e x t  s e c t i o n  o f  t h i s  r e p o r t .  N u m e r i c a l  i n t e g r a t i o n  was 
c o n t i n u e d  u n t i l  t h e  l e n g t h  ( d i s t a n c e  f r o m  i n j e c t o r  t o  t h r o a t )  of 
t h e  a c t u a l  combus to r  b e i n g  mode led  was a t t a i n e d .  Mean v a l u e s  of  
v e l o c i t y ,  mass f r a c t i o n s ,  and s t a t i c  t e m p e r a t u r e  were  computed 
a t  each g r i d  p o i n t  i n  t h e  f l o w s  and t h e  v a l u e  o f  q was com- 
p u t e d  f rom t h e s e  p r o f i l e s  by summat ion a t  each  axi!red s t a t i o n  
u s i n g  Eq. ( 8 ) .  Computed and measured c o m b u s t i o n  e f f i c i e n c i e s  
were  t h e n  compared and an a p p r o p r i a t e  a d j u s t m e n t  o f  t h e  c o r r e l a t i n q  
p a r a m e t e r ,  F, made, and t h e  e n t i r e  n u m e r i c a l  p r o c e d u r e  r e p e a t e d  
( s t a r t i n g  a g a i n  a t  t h e  i n j e c t i o n  s t a t i o n )  u n t i l  t h e  d e s i r e d  
agreement  was a t t a i n e d ;  agreement  o f  0 .1% i n  0 was f o u n d  t o  be 
q u i t e  s a t i s f a c t o r y  f o r  good c o r r e l a t i o n .  L i n e a r  i n t e r p o l a t i o n  
o f  i n i t i a l  r e s u l t s  o f  q v e r s u s  F r e d u c e d  t h e  number o f  i t e r a -  
t i o n s  needed. The s impye computer  n roq ram used f o r  t h e  c o r r e l a -  
t i o n  r e q u i r e d  o n l y  a b o u t  one m i n u t e  on t h e  I B M  3 6 0 1 6 5  n e r  i t e r a -  
t i o n ;  f o u r  i t e r a t i o n s  were  g e n e r a l l y  s u f f i c i e n t  f o r  conve rgence .  
A d d i t i o n a l  d e t a i l s  o f  t h e  c o m p u t a t i o n a l  p r o c e d u r e  a r e  p r e s e n t e d  
i n  A P P E N D I X  A .  



I V .  RESULTS AND DISCUSSION 

A .  Gas R o c k e t  P e r f o r m a n c e  P r e d i c t i o n s  

The f i r s t  t a s k  of  t h e  c o n t r a c t  r e q u i r e d  t h a t  100  d a t a  ~ o i n t s  
be s e l e c t e d  f r o m  R e f s .  9 t o  13 and  c o r r e l a t e d  a s  d e s c r i b e d  i n  t h e  
p r e c e d i n g  s e c t i o n .  The d a t a  s e l e c t e d ,  and  a p p r o v e d  b y  t h e  NASA- 
LeRC P r o j e c t  Manager ,  a r e  p r e s e n t e d  i n  T a b l e s  1 t o  5 .  The d a t a  
i n  t h e  t a b l e s  d e s i g n a t e d  A we re  t a k e n  d i r e c t l y  f r o m  t h e  v a r i o u s  
r e p o r t s  ( e x c e p t  f o r  t h e  c e n t r a l  j e t  r a d i u s  R1 w h i c h  was c o m p u t e d ) .  
The d a t a  i n  t h e  t a b l e s  d e s i g n a t e d  B summar i ze  t h e  c o r r e l a t i o n  
o b t a i n e d  f o r  each  case .  

The i n j e c t i o n  v e l o c i t i e s  f o r  t h e  Hp and  02  w e r e  compu ted  
u s i n g  t h e  c o n t i n u i t y  e q u a t i o n  and  t h e  p e r f e c t  gas l a w ,  e . g . ,  UO , 
t h e  i n j e c t i o n  v e l o c i t y  o f  t h e  gaseous  0 2  p r o p e l l a n t  was compute8  
f r o m  t h e  r e l a t i o n  

A s i m i l a r  c o m p u t a t i o n  was made t o  c a l c u l a t e  t h e  i n j e c t i o n  v e l o c i t y  
o f  t h e  gaseous  He, 

" H Z  
. The v e l o c i t y  r a t i o ,  V R ,  was s i m p l y  com- 

p u t e d  as  

The e f f e c t i v e  r a d i i  R1 and  R2 w e r e  compu ted  f rom t h e  r e l a t i o n s  

N o t e  t h e  t h i c k n e s s  o f  t h e  3 p l i t t e r  p l a t %  was n o t  c o n s i d e r e d  il l 
t h e  c o m p u t a t i o n  o f  R 2  because  t h e  c o a x i a l  j e t - hea r  l a y e r )  
c o m p u t e r  p r o g r a m  c a n n o t  h a n d l e  t h e  r e c i r c u l a t i o n  t h a t  w o u l d  be 
g e n e r a t e d  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  s p l i t t e r  p l a t e .  



C o r r e l a t i o n  o f  D a t a  

A p p l y i n g  t h e  c o r r e l a t i o n  t e c h n i q u e  d i s c u s s e d  i n  ANALYSIS 
u s i n g  t h e  Gaseous Hyd rogen /Oxygen  R o c k e t  P e r f o r m a n c e  C o r r e l a t i o n  
and P r e d i c t i o n  Compute r  P rog ram d e s c r i b e d  i n  APPENDIX A ,  r e -  
s u l t e d  i n  t h e  v a l u e s  o f  t h e  C o r r e l a t i o n  F a c t o r ,  F,  and t h e  C o r -  
r e l a t i o n  F u n c t i o n ,  F ( L / R 1 ) ,  [ w h i c h  i s  w r i t t e n  F * L / R l ]  t a b u l a t e d  
i n  t h e  l a s t  t w o  co lumns  o f  t h e  t a b l e s  d e s i g n a t e d  B .  V a l u e s  o f  
t h e  e x p e r i m e n t a l  e f f i c i e n c y  w e r e  p r e d i c t e d  t o  w i t h i n  + 0 . 1 %  u s i n q  
t h e s e  t a b u l a t e d  v a l l l e s .  

The  e x p e r i m e n t a l l y  d e t e r m i n e d  e n e r g y  r e l e a s e  e f f i c i e n c y  
( o r  c o m b u s t i o n  e f f i c i e n c y )  i s  p l o t t e d  v e r s u s  t h e  v e l o c i t y  r a t i o ,  

, i n  F i g s .  3A t o  9A f o r  a l l  oC  t h e  d a t a .  The  p o i n t s  i n  t h e s e  
p  o t s  show c o n s i d e r a b l e  s c a t t e r ,  w h i c h  was n o t  u n e x ~ e c t e d ,  s i n c e  v~ 
many d i f f e r e n t  e n g i n e  g e o m e t r i e s  and  f l o w  c o n d i t i o n s  w e r e  c o r -  
r e l a t e d .  The s c a t t e r  o f  t h e s e  d a t a  i l l u s t r a t e s  t h e  m a g n i t u d e  
o f  t h e  c o r r e l a t i o n  c h a l l e n g e .  

S i n c e  a n  e m p i r i c a l  a d j u s t m e n t  o f  t h e  m i x i n g  was t o  be  
emp loyed  i n  t h e  c o r r e l a t i o n  t e c h n i q u e  b y  v a r y i n g  t h e  C o r r e l a t i o n  
F a c t o r ,  F, c o m p u t a t i o n  o f  t h e  e x a c t  e x p e r i m e n t a l  c o m b u s t i o n  e f -  
f i c i e n c y  f o r  each  p a r t i c u l a r  c a s e  a l t d a j s  c a n  be a c h i e v e d .  O f  
c o u r s e ,  s u c h  a g r e e m e n t  i s  n o t  a t  a l l  s i q n i f i c a n t  u n l e s s  u s e f u l  
c o r r e l a t i o n  o f  a  r e a s o n a b l y  w i d e  r a n g e  o f  e x p e r i m e n t a l  d a t a  i s  
a t t a i n e d  - t h a t  i s ,  a  u s e f u l  c o r r e l a t i o n  m u s t  r e s u l t  i n  a  smoo th ,  
c o n t i n u o u s  C o r r e l a t i o n  F a c t o r ,  F, o v e r  a  r a n g e  o f  t e s t  c o n d i t i o n s  
a t  l e a s t  f o r  s i m i l a r  g e o m e t r i e s .  T h e r e f o r e ,  t h e  v a l u e  o f  t h e  
p r o p o s e d  c o r r e l a t i o n  t e c h n i q u e  c o u l d  n o t  b e  a s s e s s e d  u n t i l  a  
c o n s i d e r a b l e  q u a n t i t y  o f  e x p e r i m e n t a l  r e s u l t s  had  been  c o r r e l a t e d .  

F i g u r e s  1B t o  9B a r e  o l o t s  o f  t h e  C o r r e l a t i o n  F a c t o r ,  F, 
o b t a i n e d  f o r  e a c h  o f  t h e  i n j e c t o r  t y p e s  a g a i n  p l o t t e d  v e r s u s  V R .  
These  f i g u r e s  c l e a r l y  d e m o n s t r a t e  t h a t  t h e  chamber  l e n g t h ,  L ,  
( i n j e c t o r  t o  n o z z l e  t h r o a t )  i s  an  i n n o r t a n t  o a r a m e t e r  i n  t h i s  
c o r r e l a t i o n  t e c h n i q u e .  N o t e ,  i t  i s  n o t  ~ o s s i h l e  t o  d e t e r m i n e  
w h e t h e r  t h e  v e l o c i t y  r a t i o  o r  t h e  mass f l u x  r a t i o  a r e  t h e  m o r e  
b a s i c  c o r r e l a t i n g  p a r a m e t e r s  s i n c e  t h e s e  q u a n t i t i e s  a r e  d i r e c t l y  
p r o p o r t i o n a l .  When t h e  p r e s s u r e  a t  t h e  i n j e c t o r  e x i t  ( i . e . ,  P C )  
and t h e  t e m p e r a t u r e  o f  e a c h  p r o p e l l a n t  i s  e q l ~ a l ,  t h e  c o n s t a n t  o f  
p r o p o r t i o n a l i t y  i s  m e r e l y  t h e  m o l e c u l a r  w e i g h t  r a t i o .  

F i g u r e  3C t o  9C a r e  p l o t s  o f  t h e  f i n a l  v a l u e  o f  t h e  t u r b u l e n t  
v i s c o s i t y ,  o r  t u r b u l e n t  m i x i n g  c o e f f i c i e n t ,  E ~ ,  [ d e f i n e d  i n  E q .  
( I ) ]  u s e d  i n  t h e  c o m p u t a t i o n  o f  t h e  combustion e f f i c i e n c y ;  d e t a i l -  
ed  d i s c u s s i o n  of  t h e  c a l c u l a t i o n s  a r e  p r e s e n t e d  i n  APPENDIX A .  
V a l u e s  o f  EQ i n  t h e s e  o l o t s  v a r y  w i d e l y ,  i . e . ,  f r o m  Q . l  t o  6 x 
1 0 - 4  I b f - s e c l f t z  ( v a l u e s  o f  F - L I R 1  v a r y  o n l y  f r o m  3  t o  1 7 ) .  A l s o ,  
t h e  €,.,IS e x h i b i t  r a t h e r  i r r e g u l a r ,  e r r a t i c  b e h a v i o r ,  w h i c h  c l e a r l y  
i l l u s t r a t e s  t h a t  t h e y  w o u l d  be  c o m p l e t e l y  u n s a t i s f a c t o r y  c o r r e l a -  
t i o n  o r  p r e d i c t i o n  p a r a m e t e r s .  Co rnoa r i son  o f  v a l u e s  o f  E, w i t h  
c o r r e s p o n d i n g  v a l u e s  o f  F  ( F i g s .  3 B  t o  9 B ) ,  and s o e c i f i c a l l y  t h e  



B e l l  C o a x i a l  I n j e c t o r  r e s u l t s  o f  F i g .  9C f o r  L  = 4 .24 i n . .  
c o n c l u s i v e l y  p r o v e  t h e i r  u n s u i t a b i l i t y .  I t  w o u l d  b e  i m p o s s i b l e  
t o  i n t e r p o l a t e  w i t h  c o n f i d e n c e  be tween  any  of  t h e s e  v a l u e s  i n  
F i g .  9C even  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  e x i s t i n g  o i n t s .  N o t e  
however ,  t h a t  i t  i s  t h e  m a g n i t u d e  o f  t h e  T u r b u l e n t  ~ i s c o s i t y  r,,, 
(bynonymous w i t h  Eddy V i s c o s i t y  a n d  T u r b u l e n t  M i x i n g  C o e f f i c i e n t )  
w h i c h  i s  t h e  measu re  o f  t h e  m i x i n g  t h a t  o c c u r s  i n  t h e  a c t u a l  
r o c k e t  e n g i n e ,  n o t  F, w h i c h  m e r e l y  i n d i c a t e s  t h e  e x t e n t  o f  t h e  - 
" a d j u s t m e n t "  r e q u i r e d  i n  €mode l ,  e.g. ,  see  E q .  ( 1 ) .  

The  g e n e r a l  s i m i l a r i t y  o f  t h e  shape o f  t h e  p l o t s  o f  F  v e r s u s  
V R  ( F i g s .  3A t o  9A)  i s  v e r y  s u r p r i s i n g  when t h e  g r e a t  d i f f e r e n c e s  
i n  i n j e c t o r  g e o m e t r y  and o p e r a t i n g  c o n d i t i o n s  a r e  c o n s i d e r e d .  
O n l y  a  v e r y  f ew  p o i n t s  do  n o t  seem t o  c o r r e l a t e  c o n s i s t e n t l y ,  
e .g . ,  one o f  t h e  6 - i n .  l e n g t h  R o c k e t d y n e  C o a x i a l  i n j e c t o r  p o i n t s  
i n  F i g .  38.  However ,  t h e  E n e r g y  R e l e a s e  E f f i c i e n c y  o f  t h i s  
p o i n t ,  31H, i s  c o n s i d e r a b l y  h i g h e r  ( 2 . 3  and  4 . 2 % )  t h a n  a d j a c e n t  
p o i n t s  2 5 H  a n d  33H, ( T a b l e  1A)  a l t h o u g h  c o n d i t i o n s  f o r  a l l  t h r e e  
o f  them a r e  n e a r l y  i d e n t i c a l ;  t h e r e f o r e ,  t h e  v a l i d i t y  o f  t h i s  
d a t a  p o i n t  i s  q u e s t i o n a b l e .  One a d v a n t a g e  o f  t h i s  c o r r e l a t i o n  
t e c h n i q u e  i s  i t  p e r m i t s  a  s i m p l e  a s s e s s m e n t  of  t h e  c o n s i s t e n c y  
of  t h e  e x p e r i m e n t a l  p e r f o r m a n c e  d a t a .  

G e n e r a l  C o r r e l a t i o n s  

C o n s i d e r a t i o n  o f  t h e  A e r o j e t  C o a x i a l  I n j e c t o r  D a t a  i n  F i g .  
5B s u g g e s t e d  t h a t  F  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  chamber  
l e n g t h ,  L .  The c o r r e l a t i ~ n  FeL v e r s u s  V R  was a p p l i e d  t o  a l l  t h e  
d a t a  and  i s  p r e s e n t e d  i n  F i g s .  10A and  10B. However ,  t h e  v a l u e s  
o f  F * L  f o r  t h e  B e l l  R e v e r s e  F l o w  I n j e c t o r  a r e  a l m o s t  1 0  t i m e s  a s  
h i g h  as f o r  t h e  o t h e r  f o u r  t y p e s  o f  i n j e c t o r s  ( F i g .  10A)  and  s o  
had t o  be  p l o t t e d  on  a  s e p a r a t e  f i g u r e  ( F i g .  1 0 B ) .  N e v e r t h e l e s s ,  
c o n s i d e r a b l e  c o n s o l i d z t i o n  o c c u r r e d  when t h e  p a r a m e t e r  F  was 
r e p l a c e d  b y  F.L. The TPW T r i p l e t  I n j e c t o r  C o r r e l a t i o n  F a c t o r ,  
F ,  was c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  o t h e r s ,  as  was i t s  " e f f e c -  
t i v e "  c e n t r a l  j e t  r a d i u s ,  R1, C o m p a r i s o n  o f  t h e s e  r e s u l t s  w i t h  
t h o s e  o f  t h e  C o a x i a l  I n j e c t o r s  s u g g e s t e d  t h a t  F  i s  d i r e c t l y  p r o -  
p o r t i o n a l  t o  R1. R e s u l t s  o f  t h e  F/R1 c o r r e l a t i o n  o f  t h e  e n t i r e  
s e t  o f  d a t a  i s  p r e s e n t e d  i n  F i g .  11; a g a i n  c o n s i d e r a b l e  c o n s o l -  
i d a t i o n  o c c u r s .  I n  f a c t ,  t h e  c u r v e  f o r  t h e  TRW T r i p l e t  (R1 = 
0 .0256  i n . )  and  t h a t  o f  t h e  R o c k e t d y n e  T r i s l o t  (R1 = 0 .105  i n . )  
b o t h  o f  w h i c h  have  n e a r l y  t h e  same l e n g t h ,  a r e  p r a c t i c a l l y  c o n -  
t i n u o u s  i n  F i g .  11; whereas ,  t h e r e  i s  no i n d i c a t i o n  o f  any  c o r -  
r e l a t i o n  o f  t h e s e  d a t a  i n  F i g .  10A. R e s u l t s  o b t a i n e d  w i t h  t h e  
B e l l  R e v e r s e  F l o w  I n j e c t o r  (R = 0 .713  i n . )  a l s o  d e m o n s t r a t e  t h e  
e f f e c t i v e n e s s  o f  t h e  F I R 1  p a r a m e t e r .  The maximum v a l u e  o f  F  f o r  
t h i s  f n j e c t o r  i s  2 . 2  as  compared w i t h  a  h i g h  o f  0 .32  f o r  t h e  
o t h e r  f o u r  t y p e s  of  i n j e c t o r s ;  howeve r ,  v a l u e s  of  F/R1 a r e  o n l y  
s l i g h t l y  h i g h e r  f o r  t h e  R e v e r f e  F l o w  I n j e c t o r  t h a n  f o r  t h e  
o t h e r s ,  e .g . ,  3 . 0  v s  2 .6  i n . '  , v a l i d a t i n g  t h e  u s e f u l n e s s  o f  t h e  
F I R 1  p a r a m e t e r .  



The f i n a l  n o n - d i m e n s i o n a l  C o r r e l a t i ~ n  F u n c t i o n ,  F * L / R 1  
d o t t e d  v e r s u s  V R ,  f c r  a l l  t h e  Gaseous H 1 0 2  R o c k e t  E n g i n e  p e r -  
f o rmance  D a t a  a n a l y z e d  was p r e s e n t e d  i n  f i g .  1  i t  c o n s i s t s  o f  
C o r r e l a t i o n  F a c t o r  F  m u l t i p l i e d  b y  L ,  t h e  chamke r  l e n g t h  and  
d i v i d e d  b y  R1, t h e  " e f f e c t i v e "  r a d i u s  o f  t h e  c e n t r a l  o x y g e n  j e t ,  
and i s  a  c o m b i n a t i o n  o f  t h e  F * L  and  F I R 1  o a r a m e t e r s .  T h i s  f u n c -  
t i o n  compressed  t h e  p e r f o r m a n c e  d a t a  f o r  a l l  o f  t h e  i n j e c t o r s  
i n c l u d i n g  t h e  B e l l  R e v e r s e  F l o w  i n j e c t o r ;  i t  a l l o w s  d i r e c t  com- 
p a r i s o n  o f  t h e  e f f e c t i v e n e s s  o f  v a r i o u s  i n j e c t o r  t y ~ e s  a t  a  
g i v e n  v a l u e  u f  V R .  O f  c o u r s e ,  v a l u e s  o f  F * L / R l  a t  d i f f e r e n t  
V q l s  c a n n o t  b e  u s e d  a s  a  m e a s u r e  o f  t h e  e f f e c t i v e n e s s  o f  t h e  
m i x i n g  a n y  m o r e  t h a n  c a n  F  and f o r  t h e  same r e a s o n s .  

F i g u r e  1  shows t h a t  no s i n g l e  t y p e  o f  i n j e c t o r  i s  b e s t  o v e r  
t h e  e n t i r e  r a n g e  o f  v e l o c i t y  r a t i o s .  A l s o ,  t h e  f u n c t i o n a l  f o r m  
o f  F * L / R 1  s u g g e s t s  t h a t  w i t h i n  t h e  r a n g e  o f  p a r a m e t e r s  c o v e r e d  
b y  t h e  d a t a ,  chamber  l e n g t h ,  L ,  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
e f f e c t i v e  r a d i u s  o f  t h e  c e n t r a l  j e t ,  R1, f o r  a  g i v e n  l e v e l  o f  
p e r f o r m a n c e .  T h i s  t e n t a t i v e  c o n c l u s i o n  i s  e x t r e m e l y  i m p o r t a n t  
and  s h o u l d  b e  v e r i f i e d  e x p e r i m e n t a l l y .  N e v e r t h e l e s s ,  i t  i s  
c e r t a i n l y  r e a s o n a b l e  t h a t  i m p r o v e d  m i x i n g  o c c u r s  a s  R1 i s  d e -  
c r e a s e d .  I n  f a c t ,  t h i s  e f f e c t  i s  c u r r e n t l y  u t i l i z e d  i n  c h e m i c a l  
l a s e r  d e s i g n s ,  w h i c h  u t i l i z e  m i c r o j e t  n o z z l e s  t o  o b t a i n  e x t r e m e l y  
s h o r t  m i x i n g  and  r e a c t i o n  l e n g t h s .  

The  r o l e  o f  t h e  C o r r e l a t i o n  F u n c t i o n  a p p e a r s  t o  be s i m i l a r  
t o  t h a t  o f  t h e  d r a g  c o e f f i c i e n t  f o r  f l o w  a r o u n d  b o d i e s  o f  v a r i o u s  
shapes ,  w h i c h  p r e d i c t s  t h e  shapes  t h a t  w i l l  e x h i b i t  t h e  h i q h e s t  
d r a q  a t  a  p a r t i c u l a r  s e t  o f  f l o w  c o n d i t i o n s ,  i . e . ,  R e y n o l d s  
number .  The C o r r e l a t i o n  F u n c t i o n ,  F - L / R 1 ,  D e r m i t s  s i m i l a r  com- 
p a r i s o n  o f  t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  v a r i o u s  i n j e c t o r  t y p e s  
a t  a  p a r t i c u l a r  V b e c a u s e  i n j e c t o r  g e o m e t r y  i s  e l i m i n a t e d  b y  
t h i s  s imp1  e non-d!mensional  p a r a m e t e r .  A o t e ,  t h e  R e v e r s e  F l o w  
c o r r e l a t i o n s  we re  s u r p r i s i n g l y  c o n s i s t e n t  w i t h  t h e  o t h e r s  i n  
F i g .  1, d e s p i t e  t h e  f a c t  t h a t  a s i n g l e  oxygen  i n j e c t o r  was u s e d  
w i t h  R1 28 t i m e s  a s  l a r g e  as  i n  t h e  TRW T r i p l e t .  

D i s c u s s i o n  of_ G e n e r a l  C o r r e l a t i o t i  - 
One u n e x p e c t e d  r e s u l t  i s  t h e  s h a r p  b r e a k  i n  t h e  C o r r e l a t i o n  

F u n c t i o n  t h a t  o c c u r s  a t  V R  b e t w e e n  8 and 10 ,  w h i c h  v e r y  i n t e r e s t -  
i n g l y  o c c u r s  v e r y  c l o s e  t o  t h e  o v e r a l l  s t - i c h i o m e t r i c  r a t i o  o f  8 
a t  w h i c h  t h e  Ht /O2 c o m p l e t e l y  r e a c t s  t o  f o r m  ~ a t e r .  T h i s  b e h a v -  
i o r  i s  m o s t  e v i d e n t  i n  F i g .  3 B  ( R o c k e t d y n e  C o a v i a l  I n j e c t o r )  i n  
w h i c h  t h i s  t r a n s i t i o n  r e g i o n  i s  s ~ a n n e d  b y  c a s e s  h a v i n g  t h e  same 
g e o m e t r y  and  v e r y  s i m i l a r  f l o w  c o n d i t i o n s .  The m o s t  l i k e l y  
r e a s o n s  f o r  t h i s  b e h a v j o r  a r e :  

1 )  F a i l u r e  o f  t h e  m a s s - d e f e c t  e d d y  v i s c o s i t y  m i x i n g  m o d e l  
t o  a d e q u a t e l y  p r e d i c t  d e t a i l s  o f  t h e  t u r b u l e n t  m i x i n g  r e a c t i n g  



f l o w .  The mode l  p r e d i c t s  m i x i n g  t o  be  p r o p o r t i o n a l  t o  t h e  
q u a n t i t y ,  

Mass D e f e c t  z I ' 
I t  i s  u n l i k e l y  t h a t  a  c o m p l e x  phenomena s u c h  as  t u r b u l e n t  m i x i n g  
w i l l  i n c r e a s e  l i n e a r l y  w i t h  mass d e f e c t  o v e r  t h f  e n t i r e  r a n g e  of  
f l o w  c o n d i t i o n s  f r o m  V R  = 1  t o  2 5 .  I n  a d d i t i o n ,  t h e  d e n s i t y  o f  
t h e  p r o p e l l a n t s  a t  t h e  i n j e c t i o n  s t a t i o n  a r e  p r o p o r t i o n a l  t o  
t h e i r  m o l e c u l a r  w e i g h t s  ( t h e  m o l e c u l a r  w e i g h t  r a t i o  i s  1 6 ) .  and  
t h e  v e l o c i t y  o f  t h e  h y d r o g e n  i s  a l w a y s  g r e a t e r  t h a n  t h a t  o f  t h e  
oxygen  ( i . e . ,  V R  > I ) ,  s o  t h a t  a r a n g e  o f  v e l o c i t y  r a t i o s  e x i s t s  
( n e a r  1 6 )  f o r  w h i c h  v e r y  s m a l l  mass d e f e c t  i n t e g r a l s  w i l l  b e  
compu ted  o v e r  a  c o n s i d e r a b l e  l e n g t h  o f  t h e  chamber .  The s i n g u -  
l a r i t y  t h a t  o c c u r s  when t h i s  i n t e g r a l  i s  z e r o  i l l u s t r a t e s  a  
d e f i c i e n c y  i n  t h e  m o d e l .  O f  c o u r s e ,  t h e  e x t e n t  o f  t h e  m i x i n g  
t h a t  has  o c c u r r e d  a t  a  p a r t i c u l a r  a x i a l  s t a t i o n  i n f l u e n c e s  b o t h  
t h e  l o c a l  mean m o l e c u l a r  w e i g h t ,  and h e n c e  t h e  d e n s i t y ,  w h i c h  
b o t h  d e c r e a s e  w i t h  l e n g t h ,  a s  w e l l  a s  t h e  l o c a l  mean v e l o c i t y ,  
w h i c h  i n c r e a s e s  w i t h  l e n g t h .  A n a l y s i s  o f  r e s u l t s  p l o t t e d  i n  
F i g s .  3C t o  9C show t h a t  t h e  v a l u e s  o f  t h e  t u r b u l e n t  o r  eddy  
v i s c o s i t y ,  E ~ ,  u s e d  i n  t h e  a c t u a l  m i x i n g  c o m p u t a t i o n  a r e  g e n e r a l l y  
n e a r  t h e i r  m ~ n i m u m  a t  V R  z 8, i n s p i t e  o f  t h e  f a c t  t h a t  t h e  C o r -  
r e l a t i o n  F a c t o r s ,  F, a r e  n e a r  t h e i r  maximum. S i n c e  E O d e i  = E ~ / F  
[Eg. ( I ) ] ,  i t  i s  c l e a r  t h a t  E od 1  i s  compu ted  t o  be  T a r  00 
s e a l 1  i n  t h e  r a n g e  8 c V R  < 11; gence ,  F  m u s t  b e  s u f f i c i e n t l y  
l a r g e  t o  compensa te  f o r  t h i s  d e f e c t  i n  t ' i e  m o d e l .  The p l o t s  o f  
€model  v s  a x i a l  s t a t i o n ,  z ,  p r e s e n t e d  i n  APPENDIX A f u r t h e r  il- 
l u s t r a t e  t h i s  p o i n t .  

2 )  The h y d r o g e n  s t r e a m  was assumed t o  be  i n f i n i t e  i n  e x t e n t  
( s e e  ANALYSIS and  APPENDIX A)  i n  t h e  c o r r e l a t i o n  c a l c u l a t i o n ,  
w h i c h  means t h a t  t h e  v e l o c i t y  o f  t h e  h y d r o g e n  s t r e e m  a t  i t s  o u t e r  
edge  ( f r e e s t r e a m  c o n d i t i o n )  r e m a i n s  c o n s t a n t  t h r o u g h o u t  t h e  c a l c u -  
l a t i o n s .  C l e a r l y ,  s u c h  a  c o n d i t i o n  does  n o t  e x i s t  i n  a  t h i n  c o -  

7 a n n u l a r  j e t  t y p i c a l  o f  a  c o a x i a l  i n j t . c t o r  I n  w h i c h  t h e  v e l o c i t y  
d e c a y s  r a p i d l y ,  a s  d e m o n s t r a t e d  b y  t h e  e x p e r i m e n t a l  v e l o c i t y  d a t a  
p r e s e n t e d  h e r e i n .  The  p e r s i s t e n c e  o f  t h i s  h i g h - v e l o c i t y  o u t e r  
s t r e a m  i n  t h e  c o m p u t a t i o n  causes  t h e  m i x i n g  t o  be  o v e r  p r e d i c t e d ;  
howeve r ,  t h e  f a c t o r  F, m u s t  compensa te  f o r  t h i s  e f f e c t ,  s i n c e  t h e  
p e r f o r m a n c e  of  a c t u a l  c o m b u s t o r s  ( w i t h  a  t h i n  a n n u l a r  h y d r o g e n  
j e t )  i s  b e i n g  compu ted .  

A l t h o u g h  t h e  r e l a t i v e  i m p o r t a n c e  o f  e a c h  o f  t h e s e  e f f e c t s  
i s  u n c e r t a i n ,  i t  i s  n o t  n e c e s s a r y  t o  u n d e r s t a n d  them i n  d e t a i l ,  
s i n c e  a c c u r a t e  p r e d i c t i o n s  o f  t h e  e n g i n e  p e r f o r m a n c e  ( c o m b u s t i o n  
e f f i c i e n c y )  i s  o b t a i n e d  w i t h  t h e  e x i s t i n g  C o r r e l a t i o n  F u n c t i o n .  
The f a c t  t h a t  p r a c t i c a l  r e s u l t s  c a n  be a t t a i n e d  w i t h o u t  d e t a i l e d  
u n d e r s t a n d i n g  o f  a l l  o f  t h e  p h y s i c a l  p r o c e s s e s  i n v o l v e d  i s  one  
o f  t h e  m a j o r  a d v a n t a g e s  of  a p r a c t i c a l  s e m i - e m p i r i c a l  a p p r o a c h  
s u c h  a s  t h e  one p r e s e n t e d  h e r e i n .  



E v a l u a t i o n  o f  D e s i g n  P a r a m e t e r s  

The s u c c e s s  a t t a i n e d  w i t h  t h e  C o r r e l a t i o n  F u n c t i o n  when 
p l o t t e d  v e r s u s  t h e  V e l o c i t y  R a t i o  ( F i g .  11 ,  s u g g e s t s  t h a t  o n l y  
t h o s e  q u a n t i t i e s  e x p l i c i t l y  i n c l u d e d  i n  t h e s e  p a r a m e t e r s  a r e  
o f  m a j o r  i m p o r t a n c e ,  and  t h a t  a l l  o t h e r s  a r e  o f  o n l y  s e c o n d a r y  
i m p o r t a n c e  i n  t h e  p r e d i c t i o n  o f  g a s e o u s  r o c k e t  e n g i n e  p e r f o r m a n c e .  
Two o f  t h e  s e c o n d a r y  e f f e c t s  d i s c u s s e d  b e l o w  a r e  t h e  chamber  
p r e s s u r e  and  t h e  f i l m  c o o l a n t  l e v e l .  h o t e ,  v a r i a b l e s  s u c h  a s  
t h e  i n j e c t o r  e l e m e n t  s p a c i n g  chamber  d i a m e t e r ,  n o z z l e  c o n f i q u r a -  
t i o n ,  h e a t  l o s s e s ,  e t c . ,  do n o t  a p p e a r  t o  b e  o f  p r i m e  i m n o r t a n c e ,  
b u t  t h e i r  s i g n i f i c a n c e  c a n n o t  b e  a s s e s s e d  d i r e c t l y  b e c a u s e  t h e y  
g e n e r a l l y  a r e  c o n s t a n t  f o r  each  p a r t i c u l a r  e n g i n e ,  so  t h a t  t h e r e  
i s  no  s i m p l e  means f o r  d i f f e r e n t i a t i n g  b e t w e e n  them when c o m p a r i n g  
c o m p l e t e l y  d i f f e r e n t  e n g i n e s .  A t e s t  p r o g r a m  d e s i g n e d  s o e c i f i c a l l y  
t o  e v a l u a t e  t h e s e  s e c o n d a r y  e f f e c t s  w o u l d  b e  b e n e f i c i a l .  Because  
o f  t h e  d e m o n s t r a t e d  i n s e n s i t i v i t y  o f  t h e  c o r r e l a t i o n  t e c h n i q u e  
t o  s i z e ,  t h i s  p r o g r a v  c o u l d  be  c o n d u c t e d  a l m o s t  e x c l u s i v e l y  w i t h  
s m a l l  - s c a l e  e n g i n e s .  

Those  d e s i g n  p a r a m e t e r s  f o r  w h i c h  d e f i n i t e  c o n c l u s i o n s  
a p p e a r  j u s t i f i e d  a r e  summar i zed  b e l o w :  

1 .  V e l o c i t y  R a t i o ,  V R ,  has  been  d e m o n s t r a t e d  t o  be  t h e  
m o s t  i m p o r t a n t  p a r a m e t e r  i n  t h e  c o r r e l a t i o n  ( e . g . ,  F i g .  1 ) .  
N o t e  t h a t  t h e  mass f l u x  r a t i o ,  ( P U ) ~  / ( p U ) o  , i s  d i r e c t l y  p r o -  
p o r t i o n a l  t o  V R  and t h a t  t h e  c o n r t a n ?  o f  p r 8 p o r t i o n a l i t y  i s  
(MWH ) / (MU0  ) when t h e  s t a t i c  p r e s s u r e  and  t e m p e r a t u r e  o f  e a c h  
p r o p g l l a n t  ?s  t h e  same a t  t h e  i n j e c t i o n  s t a t i o n .  The f a c t  t h a t  
t h e s e  r a t i o s  a r e  i m p o r t a n t  r a t h e r  t h a n  t h e  m a g n i t u d e  o f  t h e  
a c t u a l  v e l o c i t i e s  i s  i n i t i a l l y  s u r p r i s i n q .  E x a m i n a t i o n  o f  t h e  
m a s s - d e f e c t  m i x i n g  mode l  used  i n  t h e  c o r r e l a t i o n  [ E q .  ( 4 ) ] ,  and 
c o n s i d e r a t i o n  o f  t h e  5 p e c i e s  D i f f u s i o n ,  A x i a l  Momentu r ,  and  
C o n t i n u i t y  E q u a t i o n s  (APPENDIX A )  y i e l d s  t h e  e x p l a n a t i o n .  If 
t h e  i n i t i a l  v a l u e s  of  - b o t h  UO 

and  UH?  
a r e  i n c r e a s e d  ( o r  d e c r e a s e d )  

b y  t h e  same f a c t o r ,  V R ,  w i l l  ' r e m a i n  o n s t a n t ;  h o w e v e r ,  t h e  Mass 
D e f e c t  and  hence  Emode , [ ~ q s .  ( 4 j  a n d m  a l s o  w i l l  he  
i n c r e a s e d  ( o r  d e c r e a s e  a ) by t h i s  same f a c t o r  ( a s  l o n g  a s  t h e  
s t a t i c  t e m p e r a t u r e  does  n o t  v a r y  s i g n i f i c a n t l y ) .  The C o n t i n u i t y  
E q u a t i o n  r e q u i r e s  t h a t  t h e  t r a n l v s r s e  d e r i v a t i v e  o f  t h e  r a d i a l  
v e l o c i t y ,  and  h e n c e  t h e  r a d i a l  v e l c c i t y  i t s e l f ,  i n c r e a s e  ( o r  
d e c r e a s e )  b y  t h e  same f a c t o r ,  b e c a u s e  t h e  a x i a l  and t r a n s v e r s e  
d e r i . a t i v e s  o f  t h e  a x i a l  v e l o c i t y ,  U ,  b o t h  i n c r e a s e  ( o r  d e c r e a s e )  
b y  t h e  f a c t o r .  T h e r e f o r e ,  when Uo2 and  U H ~  a r e  v a r i e d  s i m u l t a n -  
e o u s l y  h o l d i n g  V R  c o n s t a n t ,  e v e r y  t e r m  i n  t h e  S p e c i e s  D i f f u s i o n  
E q u a t i o n  i s  m u l t i p l i e d  b y  t h e  f a c t o r  s i n c e  t h e  t u r b u l e n t  mass 
m i x i n g  c o e f f i c i e n t  i s  compu ted  as E 1 0 . 7 ,  and i d e n t i c a l  " o n c e n -  
t r a t i o n  p r o f i l e s  a r e  o b t a i n e d  f o r  a71  s p e c i e s  i n  each  c a s e ,  
w h i c h  y i e l d  t h e  same v a l u e  o f  n ed.  However ,  e v e r y  t e r m  i n  t h e  
Shear  L a y e r  Momentum E q u a t i o n  (REen ~ P I ~ Z  = 0) i s  m u l t i p l i e d  b y  



t h e  square  o f  t h e  f a c t o r ,  because t h e  v e l o c i t y  t h r o u g h o u t  t h e  
f l o w  f i e l d  i s  i n c r e a s e d  ( o r  d e c r e a s e d )  b y  t h e  f a c t o r  a s  w e l l  as 
E Compar ison o f  computer  r e s u l t s  d e m c n s t r a t e d  t h e s e  e x p l a n a -  
t v k n s  t o  be v a l i d .  

T h e r e f o r e ,  t h e  V e l o c i t y  R a t i o ,  V R ,  r a t h e r  t h a n  t h e  v e l o c i t y  
of  t h e  i n d i v i d u a l  s t reams  i s  t h e  c r i t i c a l  p a r a m e t e r  i n f l u e n c i n g  
t h e  c o m p u t a t i o n  o f  r~ d. The f a c t  t h a t  r e a s o n a b l e  c o r r e l a t i o n  
o f  a c t u a l  r o c k e t  t e s ?  8 a t a  was a c h i e v e d  w i t h  t h e s e  c o m p u t a t i o n s ,  
sugges ts  t h a t  t h e y  a d e q u a t e l y  a p p r o x i m a t e  t h e  a c t u a l  complex 
p r o c e s s e s  t h a t  o c c u r  i n  combus to rs  e m p l o y i n g  gaseous f u e l s  when 
used i n  c o n j u n c t i o n  w i t h  t h e  e m p i r i c a l  C o r r e l a t i o n  F a c t o r s .  

2. The C o r r e l a t i o n  F u n c t i o i i ,  F * L / R l ,  s u g g e s t s  t h a t  t h e  
r a t i o  o f  t h e  chamber l e n g t h ,  L, t o  t h e  " e f f e c t i v e "  c e n t r a l  j e t  
r a d i u s ,  R1, i s  t h e  c r i t i c a l  g e o m e t r i c  p a r a m e t e r  i n  t h e  d e s i g n  
of gaseous f u e l e d  r o c k e t  i n j e c t o r s .  T h i s  r a t i o  i m p l i e s  t h a t  
s i m i l a r  pe r fo rmance  can be e x p e c t e d  f r o m  " s c a l e d "  combus to rs  
of v a r l o u s  s i z e s  as l o n g  as t h i s  r a t i o  r e m a i n s  c o n s t a n t .  O f  
c o u r s e ,  such s c a l i n g  can  be e x p e c t e d  t o  a p p l y  o n l y  o v e r  r e a s o n -  
a b l e  r a n g e s  o f  combustor  d imens ions ,  i . e . ,  t h o s e  w i t h i n  t h e  
r a n g e  o f  t h e  t e s t  d a t a  c o r r e l a t e d  h e r e i n .  

3 .  Chamber P r e s s u r e ,  PC,  was s h o m  t o  have l i t t l e  i n f l u e n c e  
on t h e  C o r r e l a t i o n  F a c t o r ,  F ,  e .g . ,  F l g s .  38 t o  9 6 .  I n  F i g .  9B, 
a  s i n g l e  c u r v e  c o r r e l a t e d  t h e  B e l l  9 . 5 - i n .  l e n g t h  c o a x i a l  i n j e c t o r  
f o r  P ' s  r a n g i n g  f r o m  9 0  t o  260 p s i a .  The o v e r a l l  success  o f  t h e  
c o r r e y a t i o n  F u n c t i o n ,  F *L /R1  ( F i g .  1 )  i m p l i e s  t h e r e  i s  no P 
e f f e c t ,  a t  l e a s t  o v e r  t h e  r a n g e  of P C ' s  f r o m  15 t o  above 4 5 5  p s i a .  
The c o m p u t a t i o n s  a r e  n o t  a f f e c t e d  by p r e s s u r e  because when p r e s -  
s u r e  g r a d i e n t s  a r e  n e g l e c t e d ,  t h e  Spec ies  D i f f u s i o n  E q u a t i o n s ,  
Shear L a y e r  Momentum E q u a t i o n ,  and C o n t i n u i t y  E q u a t i o n  a r e  a l l  
i n d e p e n d e n t  o f  p r e s s u r e ,  as l o n g  as a  m a s s - d e f e c t  m i x i n g  model  
and t h e  ~ e r f e c t  gas l a w  a r e  used t o  compute Emodel.  No te ,  i f  
t h e  f l o w  i s  assumed t o  be i s o e n e r g e t i c ,  t h e  momentum e q u a t i o n  
i s  n o t  c o m p l e t e l y  i n d e p e n d e n t  o f  t h e  s t a t i c  t e m p e r a t u r e  ( a s  i t  
i s  of t h e  p r e s s u r e ) ,  s i n c e  s t a t i c  t e m p e r a t u r e  depends on t h e  
l o c a l  v e l o c i t y .  However, f o r  s u b s o n i c  i n j e c t i o n  v e l o c i t i e s ,  
s t a t i c  t e m p e r a t u r e  v a r i a t i o n  i s  s m a l l  and d e n s i t y  v a r i a t i o n s  
a r e  caused p r i m a r i l y  by t h e  m o l e c u l a r  w e i g h t  v a r i a t i o n .  

4. The F i l m  C o o l a n t  was shown t o  have l i t t l e  e f f e c t  on t h e  
c o r r e l a t i o n s  i n  F i g s .  1  and 38 t o  9B. I n  f a c t ,  o n l y  i n  F i g .  66 
does t h e  F i l m  C o o l a n t  L e v e l  appear  t o  i n f l u e n c e  t h e  v a l u e  o f  F. 
As e x p l a i n e d  i n  ANALYSIS, a l l  c o r r e l a t i o n s  were made n e g l e c t i n g  
t h e  hyd rogen  f u e l  i n j e c t e d  i n  t h e  f i l m  b a r r i e r ,  f o c u s i n g  on o n l y  
a  " t y p i c a l "  i n j e c t o r  e l e m e n t .  O f  c o u r s e ,  if t h e  combus ta r  d e s i g n  
were such t h a t  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  f i l m  c o o l a n t  were  
i n g e s t e d  i n t o  t h e  c o m b u s t i o n  zone and r e a c t e d ,  t h i s  a s s u m p t i o n  
no l o n g e r  w m l d  be v a l i d .  A p p a r e n t l y ,  such  an  e f f e c t  o c c u r r e d  
i n  t h e  A e r o j e t  Premixed Combustor .  



I n  F i g .  1  t h e  s o l i d  squa res  d e s i g n a t e d  A e r o j e t  P remixed  
(No C o o l a n t )  c o r r e l a t e  more p o o r l y  t h a n  any  o f  t h ?  o t h e r  100 
p o i n t s .  I n t e r e s t i n g l y ,  t h e  A e r o j e t  C o a x i a l  and t h e  Premix  cases  
i n  w h i c h  20 t o  30% o f  t h e  t o t a l  hyd rogen  was I n j e c t e d  as  f i l m  
c o o l a n t ,  a l l  c o r r e l a t e  r e a s o n a b l y  w e l l  w i t h  a  s i n g l e  s t r a i g h t  
l i n e .  Assuming no e r r o r s  i n  t h e  r e p o r t e d  d a t a ,  t h e  m o s t  r e a s o n -  
a b l e  e x p l a n a t i o n  appears  t o  be t h a t  h i g h  l e v e l s  o f  c o o l a n t  
i n c r e a s e  m i x i n g  ( y i e l d i n g  h i g h e r  v a l u e s  o f  F * L / R 1  a t  a  g i v e n  VR)  
i n  t h e  Premixed I n j e c t o r  geomet ry ,  by c a u s i n g  some o f  t h e  c o o l a n t  
t o  r e a c t ,  t h a n  o c c u r s  i n  cases  i n  w h i c h  no f i l m  c o o l a n t  i s  p r e s e n t .  
I n  t h e  Premixed I n j e c t o r ,  H / O  i s  p resumab ly  m i x e d  p r i o r  t o  
i n j e c t i o n  and t h e  l i k e 1  i h o o 8  o f  t h e  hyd rogen  c o o l a n t  r e a c t i n g  
w i t h  t h e  oxygen p r e s e n t  i n  i t s  immed ia te  v i c i n i t y  ( n e a r  t h e  w a l l )  
i s  o b v i o u s l y  f a r  g r e a t e r  t h a n  when each oxygen i n j e c t ~ r  e l e m e n t  
i s  c o m p l e t e l y  s u r r o u n d e d  (and hence " p r o t e c t e d " )  b:! a,\ e x c e s c  
of hyd rogen ,  as i s  t h e  case  f o r  m o s t  o f  t h e  o t h e r  t y o e .  of 
i n j e c t o r s .  A p p a r e n t l y ,  w i t h o u t  t h e  f i l m  c o g l a n t  t o  enhance 
m i x i n g ,  t h e  Premixed I n j s c t o r  i s  l e s s  e f f e c t i v e  t h a n  t h e  C o a x i a l  
I n j e c t o r .  C l e a r l y ,  a d d i t i o n a l  d a t a  s h o u l d  he c o r r e l e t e d  t o  
c o n f i r m  t h e  above h y p o t h e s i s .  

A p p l i c a t i o n  o f  P r e d i c t i o n  Techn ique  f o r  Pe r f i i rmance  
O p t i m i z a t i o n  

The u l t i m a t e  a p p l i c a t i o n  of t h e  Per fo rmance  P r e d i c t i o n  
Techn ique  wou ld  be f o r  d e s i g n  g u i d a n c e  i n  t h e  s e l e c t i o n  o f  o r t imum 
combustor  g e o m e t r i e s  and f l o w  c o n d i t i o n s .  The C o r r e l a t i o n  Func-  

t ion, F * L / R ~  
, i n  F i g .  1  p e r m i t s  an assessment  -o f  t h e  H /02 i n .  

j e c t o r  con f  g u r a t i o n  e x p e c t e d  t o  y i e l d  t h e  h i g h e s t  p e r  5 ormance 
a t  t h e  d e s i g n  v e l o c i t y  r a t i o .  O f  c o u r s e ,  t h e  s e l e c t i o n  o f  m o s t  
e f f i c i e n t  i n j e c t o r  c o n f i g u r a t i o n  can  o n l y  be made f r o m  t h o s e  
s p e c i f i c  i n j e c t o r s  f o r  w h i c h  c o r r e l a t i o n s  a l r e a d y  a r e  a v a i l a b l e .  
F o r  example,  t h e r e  i s  no means f o r  d e t e r m i n i n q  whe the r  c h a q g i n ~  
t h e  a n g l e  of imp inqement  of  a  T r i s l o t  I n j e c t o r  e l e m e n t  wou ld  
i m p r o v e  i t s  e f f e c t i v e n e s s  - u n l e s s  such an i n j e c t o r  were t e s t  
f i r e d  and i t s  c o m b u s t i o n  e f f i c i e n c y  d e t e r m i n e d  e x o e r i m e n t a l l y  
f o r  a t  l e a s t  a  few v e l o c i t y  r a t i o s  ( m i x t u r e  r a t i o s ) .  

Once t h e  t y p e  of i n j e c t o r  e l e m e n t  t o  be used f o r  a  p a r t i c u l a r  
a p p l i c a t i o n  has been s e l e c t e d ,  t h e  f i o w  c o n d i t i o n s  t h a t  w i l i  y i e l d  
t h e  h i g h e s t  p e r f o r m a n c e  and t h e  a n t i c i p a t e d  o v e r a l l a $ f f i c i e n c y  
a r e  of i n t e r e s t  t o  t h e  d e s i g n e r .  The P r e d i c t i o n  T e c h n i q u e  ,,re- 
s e n t e d  h e r e i n  may ba used t o  s e l e c t  t h e  f l o w  c o n d i t i o n s ,  e .g . ,  
V R ,  e x p e c t e d  t o  y i e l d  t h e  h i g h e s t  p e r f o r m a n c e .  Subsequent  h o t  
f i r i n g s  wou ld  c o n f i r m  t h e  p r e d i c t i o n s  and y i e l d  a d d i t i o n a l  p e r -  
f o rmance  d a t a ,  t h a t  wnen c o r r e l a t e d ,  w o u l d  a l l o w  r e f i n e m e n t  of 
subsequen t  p r e d i c t i o n s .  O f  c o u r s e ,  cnce t h e  v e l o c i t y  of e ~ c h  
p r o p e l l a n t  was s e l e c t e d ,  t h e  e f f e c t i v e  r a d i u s ,  R1, o f  t h e  c e n t r a l  
i n j e c t c r  c o u l d  be chosen t o  a c h i e v e  t h e  d e s i r e d  m i x t u r e  r a t i o .  



An s x a m p l e  o f  t h i s  p r o c e d u r e ,  u s i n g  t h e  R o c k e t d y n e  C o a x i a l  
I n j e c t o r  and  5 - i n .  chamber i s  p r e s e n t e d  i n  F i g .  12,  i n  w h i c h  
p r e d i c t e d  E n e r g y  R e l e a s e  E f f i c i e n c y  i s  p l o t t e d  v e r s u s  V R .  I n  
t h e s e  p r e d i c t i o n s  a l l  i n p u t  p a r a m e t e r s  i n c l u d i n g  R1 we re  h e l d  
c o n s t a n t  a t  t h o s e  v a l u e s  i n d i c a t e d  i n  t h e  f i g u r e ,  e x c e p t  f o r  Uo2 
w h i c h  was v a r i e d  f r om 118  t o  205 f t l s e c  and  t h e  C o r r e l a t i o n  
F a c t o r  F, w h i c h  was t a k e n  f r o m  t h e  c u r v e  o f  F i g s .  38 i n  w h i c h  1 0  
p o i n t s  we re  v e r y  c o n s i s t e n t l y  c o r r e l a t e d  f o r  t h e  R o c k e t d y n e  Co- 
a x i a l  I n j e c t o r  w i t h  L = 5 i n .  T h e s e  d a t a  w e r e  s e l e c t e d  f o r  u s e  
i n  t h i s  i l l u s t r a t i o n  because  t h e  c o r r e l a t i o n ~ c u r v e  c o n t a i n e d  a  
maximum, and  t h e  e f f e c t  o f  t h i s  t y p e  of c o r r e l a t i o n  b n  t h e  p r e -  
d i c t i o n  was <f  i n t e r e s t .  The r e s u l t s  i n  F i g .  12  i n d i c a t e d  b c t h  
a  min imum a l ~ d  a  maximum i n  p e r f o r m a n c e  i s  p r e d i c t e d ,  a n d  t h a t  
q ,-J v a r i e s  be tween  92 t o  96% - a  v e r y  s i g n i f i c a n t  v a r i a t i o n  i n  
p g r f o r m a n c e .  The " 5 "  shape  o f  t h e  c u r v e  i s  u n d o u b t e d l y  c a u s e d  
b y  t h e  F a c t  t h a t  t h e  C o r r e l a t i o n  F a c t o r -  was d o u b l e  v a l u e d .  I t  
w o u l d  b e  e x t r e m e l y  i n t e r e s t i n g  t o  t e s t  f i r e  t h i s  p a r t i c u l a r  e n g i n e  
t o  d e t e r m i n e  w h e t h e r  o r  n o t  b o t h  t h e  maximum and  -minimum p e r -  
f o rmance  l e v e l s  d o  i n d e e d  o c c u r .  

S e n s i t i v i t y  o f  P r e d i c t i o n s  

The C o r r e 1 a t i . n  F a c t o r ,  F, i s  t h e  o n l y  i n p u t  p a r a m e t e r  n o t  
r e a d 4 1 y  d e t e r m i n e d  when m a k i n g  p e r f o r m a n c e    re dictions ( s e e  
APPENDIX A ) .  The r e s u l t s  p r e s e n t e d  i n  F i g .  1  showed t h a t  a s  
a n t i c i p a t e d  i n  any  c o r r e l a t i o n  o f  e x p e r i m e n t a l  d a t a ,  some s c a t t e r  
o c c u r r e d  a b o u t  each  o f  t h e  c o r r e l a t i o n  c u r v e s .  T h e r e f o r e ,  i t  
was of  i n t e r e s t  t o  d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  a  p e r t u r b a t i o n  
i n  F  on t h e  p r e d i c t e d  v a l u e  o f  r,. A s p e c i f i c  t e s t  was made u s i n g  
t h e  C o a x i a l  I n j e c t i o n  D a t a  o f  R o c k e t d y n e  Case 12H b y  c h a n g i n g  F  
+ 4 %  f r o m  t h e  v a l u e  o f  0 .185  r e p o r t e d  i n  T a b l e  1B. The  + 4 %  
v a r i a t i o n  i n  F  r e s u l t e d  i n  o n l y  a  + 0 .6% v a r i a t i o n  i n  t h e  p r e -  
d i c t e d  v a l u e  o f  n (ETA PRED), i n d i c a t i n g  t h a t  t h e  v a r i a t i o n  i n  r, 
was o n l y  a b o u t  116 t h e  m a g n i t u d e  o f  t h e  p e r t u r b a t i o n  i n  t h e  D r e -  
d i c t e d  v a l u e  o f  II. 

These  r e s u l t s  w e r e  t y p i c a l  o f  t h o s e  o b t a i n e d  f o r  a i l  t h e  
o t h e r  c a s e s ,  i . e . ,  t h e  m a q l i t u d e  o f  t h e  s l o p e  AF jAn  waq v e r y  
n e a r l y  c o n s t a n t  f o r  a l l  t n e  c d s e s  e x c e p t  f o r  t h e  R e v e r s e  F l o w  
I n j e c t o r s .  These  r e s u l t s  d e m o n s t r a t e  t h a t  r e a s o n a b l y  a c c u r a t e  
r j e ~ f o r m a n c e  p r e d i c t i o n s  c a n  be  e x p e c t e d  when r e a l i s t i c  e s t i v a t e s  
o f  t h e  m a g n i t u d e  o f  F  a r e  p o s s i b l e ,  and t h a t  F  does  n o t  have  
t o  be known p r e c i s e l y  i f  e s t i m a t s s  o f  r, t o  w i t h i n  2 1 %  a r e  
a d e q u a t e .  



Space S h u t t l e  M a i n  E n q i n e  

A l t h o u q h  t h e r e  i s  l i t t l e  i n t e r e s t  a t  p r e s e n t  i n  qaseous  
H / O  r o c k e t  e n g i n e s ,  t h e r e  i s  c o n s i d e r a b l e  i n t e r e s t  i n  L O X /  
ggse8us  H z  e n g i n e s  s i n c e  t h e s e  p r o p e l l a n t s  a r e  u s e d  f o r  t h e  
Space S h u t t l e  M a i n  E n g i n e  (SSME). The  SSYE i s  n o t  o n l y  v e r y  
much l a r g e r  t h a n  a n y  o f  t h e  R e a c t i o t :  C o n t r o l  E n q i n e s ,  i . e . ,  6qq 
i n j e c t i o n  e l e m e n t s ,  8 .9  i n .  chamber  d i a m e t e r  and  14 i n .  l e n q t h ,  
b u t  i n i t i a l  d e s i g n s  o p e r a t e d  a t  p r e s s u r e s  as  h i g h  as 3Q0fl o s i a .  
T h e r e f o r e ,  a ~ o l y i n g  t h e  P e r f o r m a n c e  C o r r e l a t i o n / P r e d i c t i o n  
T e c h n i q u e  t o  t h i s  e n g i n e  was a  c o n s i d e r a b l e  c h a l l e n g e .  M r .  
K l a u s  W .  G ross ,  NASA M a r s h a l l  Space F l i g h t  C e n t e r  s u p p l i e d  
s e v e r a l  s e t s  o f  ~ e r f o r m a n c e  d a t a  f o r  v a r i o u s  e n q i n e s  i n  v a r i o u s  
s t a g e s  o f  d e v e l o p m e n t .  Each  d a t a  s c t  was c o r r e l a t e d  by  a p p l y i n g  
t h e  i d e n t i c a l  t e c h n i q u e  u s e d  f o r  t h e  gaseous  H z 1 0 2  e n g i n e s ,  b u t  
t h e  i n j e c t i o n  v e l o c i t y  o f  t h e  oxygen  was compz ted  a s s u m i n g  t h e  
oxygen  t o  be  gaseous  r a t h e r  t h a n  l i q u i d  ( s e e  L I Q U I D  ROCKET 
PERFORMANCE PREDICTIONS). 

D e t a i l e d  r e s u l t s  w i l l  n o t  be   resented because  e x t r e m e l y  
l i m i t e d  t e s t  d a t a  we re  a v a i l a b l e  a t  t h e  t i m e  t h e  c o r r e l a t i o n s  
w e r e  made. However ,  v a l u e s  o f  F, F - L ,  F/R1, and F - L / R ,  were  
a l l  w i t h i n  t h e  r a n g e  o f  t h e  d a t a  p l o t t e d  i n  F i q s .  1, 10, and 11 .  
O b v i o u s l y ,  d e f i n i t e  c o n c l u s i o n s  c a n n o t  be d rawn  f r o m  t h e s e  
p r e l i m i n a r y  d a t a ;  however ,  i t  i s  c l e a r  t h a t  S S M E  d a t a  c a n  be 
s u c c e s s f u l l y  c o r r e l a t e d ,  and  m e a n i n g f u l  p r e d i c t i o n s  made, once  
a  d a t a  base  has been e s t a b l i s h e d .  The f a c t  t h a t  PC and t h e  
number of  i n j e c t i o n  e l e m e n t s  b o t h  were  i n c r e a s e d  n e a r l y  an o r d e r  
o f  m a g n i t u d e  f r o m  n r s v i o u s  maximum v a l u e s  made l i t t l e  d i f f e r e n c e  
i n  t h e  m a g n i t u d e  o f  t h e  c o r r e l a t i o n  p a r a m e t e r s .  



B. L i q u i d  R o c k e t  P e r f o r m a n c e  P r e d i c t i o n s  

The s u c c e s s f u l  a p p l i c a t i o n  o f  t h e  s e m i - e m p i r i c a l  c o r r e l a -  
t i o n / p r e d i c t i o n  t e c h n i q u e  t o  gaseous  H2/0 r o c k e t s  s u g g e s t e d  
t h a t  i t  m i g h t  be a p p l i e d  as w e l l  t o  l i q u i $  r o c k e t s .  O f  c o u r s e ,  
i n  l i q u i d / l : q d i d  r o c k e t  e n g i n e s ,  d r o p l e t  f o r m a t i o n ,  i n j e c t i o n ,  
p e n e t r a t i o n ,  s p r e a d i n g ,  m i x i n g ,  b u r n i n g ,  and  v a p o r i z a t i o n  o c c u r  
as  w e l l  as  gaseous  m i x i n g .  T h e r e f o r e ,  t h e  m a g n i t u d e  o f  t h e  
" e q u i v a l e n t  m i x i n g "  o f  a c o l d - f l o w ,  c o a x i a i  g a s / g a s  i n j e c t o r  
e l e m e n t  w o u l d  be e x p e c t e d  t o  b e  c o n s i d e r a b l y  s m a l l e r  when a p p l i e d  
t o  l i q u i d / l i q u i d  i n j e c t o r s  t h a n  when a p p l i e d  t o  g a s / g a s  i n j e c t o r s .  
However ,  t h e  c o r r e l a t i o n / p r e d i c t i o n  t e c h n i q u e ,  because  o f  i t s  
s e m i - e m p i r i c a l  n a t u r e ,  s t i l l  s h o u l d  be a p p l i c a b l e .  

T o  d e m o n s t r a t e  t h i s  c a p a b i l i t y ,  B e l l  A e r o s p a c e  R e a c t i o n  
C o n t r o l  E n g i n e  (RCE), R e f .  14, and  O r b i t a l  M a n e u v e r i n g  E n g i n e  
(OME), R e f .  15, t e s t  d a t a  were  c o r r e l a t e d ;  i n  each  c a s e ,  t h e  
f u e l  was monomethy l  - h y d r a z i n e  (MMH) and  t h e  o x i d i z e r  was n i t r i c  
o x i d e  (N2O4).  However ,  t w o  v e r y  d i f f e r e n t  t y p e s  o f  i n j e c t o r  
c o n f i g u r a t i o n s  we re  u s e d  i n  t h e s e  e n g i n e s ;  t h e  R C E  e l e m e n t s  w e r e  
u n l i k e  d o u b l e t s ,  w h i l e  t h e  OME e l e m e n t s  were  t r i p l e t s  ( t w o  MMH 
j e t s  i m p i n g i n g  a t  32' o n  a  c e n t r a l  N204 j e t ) .  

I n  o r d e r  t o  d e m o n s t r a t e  t h e  a p p l i c a b i l i t y  o f  t h e  c o r r e l a -  
t i o n l p r e d i c t i o n  t e c h n i q u e  t o  l i q u i d  p r o p e l l a n t s  as  s i m p l y  as 
p o s s i b l e  ( w i t h o u t  any m o d i f i c a t i o n  o f  t h e  c o m p u t e r  p r o g r a m ) ,  
t h e  c a l c u l a t i o n  o f  p r o p e l l a n t  " i n j e c t i o n  v e l o c i t i e s "  w e r e  made 
assum inq  t h a t  t h e  p r o p e l  1  a n t s  we re  c o m p l e t e l y  v a p o r i z e d ,  so  
t h a t  t h e  i n j e c t i o n  v e l o c i t i e s  UMMH and UN 0  c o u l d  be c a l c u l a t e d  
c o m b i n i n g  t h e  C o n t i n u i t y  E q u a t i o n  and  ~ e r f e t t  Gas Law as i n  Eq. , 

( 9 ) ,  b u t  u s i n g  t h e  a p p r o p r i a t e  m o l e c u l a r  w e i g h t s .  T h e r e f o r e ,  
t h e  v e l o c i t i e s  computed  i n  t h i s  manner  a r e  r e f e r r e d  t o  a s  " p s e u d o "  
v e l o c i t i e s ,  s i n c e  t h e y  a r e  p u r e l y  f i c t i t i o u s .  O f  c o u r s e ,  t h e  
a c t u a l  i n j e c t i o n  v e l o c i t y  o f  l i q u i d  p r o ~ e l l a n t s  depends  on t h e  
d e n s i t y  o f  t h e  l i q u i d  and  n ~ t  t h e i r  m o l e c u l a r  w e i g h t s ;  howeve r ,  
c o m p u t a t i o n  o f  " pseudo"  v e l o c i t i e s  was t h e  s i m p l e s t  way t o  a p p l y  
t h e  t e c h n i q u e  t o  l i q u i d  r o c k e t  d a t a .  S i n c e  t h e  d e m o n s t r a t i o n  
c a l c u l a t i o n s  were made w i t h  t h e  same c o m p u t e r  p r o g r a m  used  f o r  
t h e  H2/0 p r o p e l l a n t s ,  i n c o r r e c t  m o l e c u l a r  w e i g h t s  ( i . e . ,  2 .016 
and 32.07 and  t he rmodynamic  p r o 7 e r t i e s  we re  a s s o c i a t e d  w i t h  MMH 
and NpOq i n  t h e  Qpred c o m p u t a t i o n s .  N e v e r t h e l e s s ,  because  t h e s e  
c o m p u t a t i o n s  a l l  were  made i n  a  c o n s i s t e n t  manner ,  t h e  C o r r e l a -  
t i o n  F a c t o r ,  F, " a d j u s t e d "  t h e  m i x i n g  [Eq.  ( I ) ]  t o  t h e  a p p r o p r i a t e  
l e v e l  f o r  each  e x p e r i m e n t a l  f i r i n g  and e x c e l l e n t  c o r r e l a t i o n  o f  
a l l  21 cases  was o b t a i n e d .  

The e x p e r i m e n t a l  c o m b u s t i o n  e f f i c i e n c y  d a t a ,  npred,  i s  
p l o t t e d  v e r s u s  t h e  M i x t u r e  R a t i o ,  N204/MMH, i n  F i g .  13a. The 



M i x t u r e  R a t i o  was p l o t t e d  f r o m  r i g h t  t o  l e f t  s o  t h a t  t r e n d s  w o u l d  
c o r r e s p o n d  r o u g h l y  t o  t h e  p r e v i o u s  p l o t s  i n  w h i c h  V R  was u s e d  as  
t h e  i n d e p e n d e n t  v a r i a b l e .  C l e a r l y ,  a t t e m p t i n g  t o  c o r r e l a t e  s u c h  
w i d e l y  s c a t t e r e d  d a t a  was a  c o n s i d e r a b l e  c h a l l e n g e  f o r  t h e  c o r -  
r e l a t i o n / p r e d i c t i o n  t e c h n i q u e .  R e s u l t i n g  c o r r e l a t i o n s  a r e  o r e -  
s e n t e d  i n  F i g .  13b  i n  w h i c h  t h e  C o r r e l a t i o n  F a c t o r ,  F, i s  a l s o  
p l o t t e d  v e r s u s  t h e  M i x t u r e  R a t i o ,  N204/MYH; t h e s e  c o r r e l a t i o n s  
w e r e  u n e x p e c t e d l y  good .  A11 t h e  p o i n t s  f o r  e a c h  t y p e  o f  i n j e c t o r  
f a l l  on  a smoo th  c o n t i n u o u s  c u r v e ,  s u g g e s t i n g  t h a t  m e a n i n q f u l  
p r e d i c t i o n s  may be made f a r  l i q u i d  p r o p e l l a n t s  as  w e l l  as  f o r  
gaseous  p r o p e l l a n t s .  O f  c o u r s e ,  e a c h  o f  t h e  i n j e c t o r s  has  a  v e r y  
d i f f e r e n t  c o r r e l a t i o n  c h a r a c t e r i s t i c  because  t w o  v e r y  d i f f e r e n t  
c o n f i g u r a t i o n s  we re  used .  N a t u r a l l y ,  a  g r e a t  d e a l  o f  a d d i t i o n a l  
l i q u i d  r o c k e t  p e r f o r m a n c e  d a t a  m u s t  be c o r r e l a t e d  f o r  v a r i o u s  
t y p e s  of  i n j e c t o r s  and  r a n g e s  o f  f l o w  c o n d i t i o n s  b e f o r e  o r e d i c t i o n s  
c a n  be made e x c e p t  w i t h i n  t h e  r a t h e r  l i m i t e d  r a n g e  cf t h e  6 e l i  
OM€ and R C E  d a t a .  N e v e r t h e l e s s ,  t h e s e  r e s u l t s  s u g q e s t  t h a t  t h e  
r e l a t i v e  a c r i t s  o f  t h e  u n l i k e  d o u b l e t  and  t r i p l e t  be c a r e f u l l y  
e v a l u a t e d  i n  s u b s e q u e n t  e n g i n e  d e v e l o p m e n t  p r o g r a m s .  

The f i n a l  v a l u e s  of  t h e  T u r b u l e n t  v i s c o s i t y ,  E,, c o n q u t e d  
a t  x = L f o r  t h e  L i q u i d / L i q u i d  R o c k e t  d a t a  a r e  p r e s e n t e d  i n  F i q .  
14 .  These  r e s u l t s  c o n f i r m  t h e  c o n c l u s i o n s  c o n c e r n i n g  F i g s .  3 C  
t o  9C, i . e . ,  t h e  m i x i n g  c o e f f i c i e n t  i t s e l f  c a n n o t  b e  used  f o r  
c o r r e l a t i o n  o r  p r e d i c t i o n  o f  r o c k e t  p e r f o r m a n c e  d a t a .  O f  c o u r s e ,  
some o f  t h e  v a r i a t i o n  i n  F i g .  14 i s  p r o b a b l y  c a u s e d  b y  t h e  f a c t  
t h a t  " p s e u d o "  v e l o c i t i e s  r a t h e r  t h a n  a c t u a l  l i q u i d  v e l o c i t i e s  
w e r e  u s e d .  F o r  t h i s  same r e a s o n ,  i t  i s  n o t  ~ o s s i b l e  t o  comoare  
t h e  m a g n i t u d e  o f  t h e  F ' s  f o r  gasecus  and  l i q u i d  i n j e c t o r s  and 
d r a w  any  d e f i n i t e  c o n c l u s i o n s .  



C. EXPERIMENTAL COAXIAL JET FLOW CHARACTERIZATION 

The Gaseous Rocket Performance Correlation/Prediction Technique presented herein is based 
on the ability to predict, at least approximately, the non-reactive turbulent mixing that occurs in a 
coaxial jet. Therefore, it was of considerable interest to characterize such a flow in detail, and to com- 
pare the results with predictions made using available computational techniques. In this task, the Bell 
19clement Coaxial Injector. which had been previously tested during hot firings was selected to  insure 
that this investigation would be relevant to practical rocket combustors. For simplicity, all elements 
except for the central element. were masked so that the complex 3-D interaction between elements 
need not be considered. A photograph of this injector is presented in Fig. 15. A schematic diagram 
showing the dimensions of the elernen1 i.; shown in Fig. 16. Note, that the splitter plate separating the 
central and annular jets was recessed 0.03 in. from ihc b x t o r  face. 

The motivation for this investigation was twofold: First, because coaxial elements form trlc 
basic injc :tion mechanism for many combustors, it was of interest t o  betttx cl;;lt.~b:teriie the initial flow 
region af  such elements. Second. since computations for reactive systems in the past have often been 
based on the ability to predict the nun-reactive turbulent mixing, it was of interest t o  characterize such 
a flow in detail and compare the results with prodictions made using available comp~ta t io~la l  techniques. 

The measurements presented herein are applicable to the developing region of a coaxial jet in 
which the injection velocity of the central jet is significantly less than that of the cxternal annular jet. 
?%at is, an effort was made to characterize the classical core and transition regions (Fig. 2) of a practi- 
cal Coaxial Injector Element, in which the velocity ratio, VR, was 2.8, a value typical of the Coaxial 
Injectors for which the CorrelationIPrediction Technique was applied, e.g., Fig. 1 and Tables 1, 2, and 
5. 

Several previous experimental investigdtions have been conducted to characterize the flow 
field of coaxial jets. Determinations of the mean velocity field obtained using pitot probes are dis- 
cussed in Refs. 16 to 18. Two more recent investigations have been conducted using hot wire anemo- 
meters in which both the mean and turbulence structure of the flow were determined, Refs. 19 and 
20. One assumption, which seems to be common to these investigations was that static pressure gradi- 
ents in the developing region of the flow are small and could be neglected. However. as demonstrated 
herein, when the velocity ratios. Uo/Ui, are greater than one, and area ratios, AL/Ai, greater than zero 
(typical of real combustors). neglecting differences in static pressure in the vicinity of the injector may 
not be a valid assumption. When using total and static pressure data t o  calculate mean velocity for in- 
compressible flows, even extremely small changes in static pressure can cause large errors in the velocity 
determined. These small changes in static pressure do not, however, causc large errors in velocity 
measured using a hot wire. Using hot wire anemometry, both Champagne and Wygnanski, (19) and 
Durao and Whitelaw, (20). investigated incompressible coaxial flows where the velocity ratios were 
greater tha~i  one. The measurements of Champagne and Wygnanski were concerned with the developing 
region of coaxial jets where the initial flows were nearly fully potential and separated by a very thin 
splitter plate. In contrast. the measurements of Durao and Whitelaw were for fully developed flows 
with a significant splitter plate thickness. 

'I'he p r c s ~ n t  study was concerned with the flow from a coaxial injector element from an actual 
combu\tor As with most pract~cal f low Ilardware. the nouzle and annulus flows wcrc neitlicr fully 
iwtcntid l:\)r fully developcvd a n d  the squration distance cspl~ttcr plate) was relatively large. 
Meas-~r-1-nicnts wcrc madc for ;i velocity n t io  greater than one and in  contrast tu previous invcstya- 
tions the velocities were in the compressible range. As noted earlier, these higher velocities are typical 
of real combustors. 



Experimental Prpo&u-re 

In this experimental investigation, a Bell 19-element coaxial injector, which had been pre- 
viously tested during hot firings. was selected and all elements except the central one were masked. 
(1 3). A photograph of this injector was presented in Fig. IS and geometrical shape and physical size 
are shown in Fig. 16. Note, that the splitter plate separating the central jet and annulus was recessed 
0.03 in. from the injector face. The constant area inlet length was about 6 diameters for the central 
nozzle and about 7 nozzle thicknesses for the annulus. Therefore, fully developed turbulent flow 
conditions were not expected at the injector exit. The area ratio between the outer and inner 
nozzles, Ao/Ai, was 1.48 and between the splitter plate and central nozzles. AL /Ai. was 1.02. The 
ratio of the annulus velocity (oo = 700 ftlsec) to  that of the central jet (U; = 250 ft/sec) was euual 
to  2.8 for all tests. These velocities and dimensions correspond to  Reynolds numbers of 3.8 x 
lo5  based on diameter for the inner jet and 1 .0  x lo6 based on annulus height for the outer jet and 
are approximately an order of magnitude larger than those investigated in Ref. 19 and 20. 

In these experiments. clean. dry compressed air was supplied at constant pressure and tem- 
perature t o  the two plenum chambers. Plenum pressure was measured on a mercury manometer 
for the high veloc~ty outer jet and on a precision pressure indicator (T.1.-145) for the low velocity 
inner jet. Both plenum and room temperature were maintained at 7 0 t  1°F during all tests. 

Mcitsuremcnts of mean velocity and turbulence intensity were made using a linearized con- 
stant temperature anemometer (TSI-1050). The hot film probe (TSI-1270-10) was calibrated and 
linearized to  2% of reading over the range 100 to 700 ftlsec. Below 100 ftlscc the error increased 
becoming about 475 at 50 ftlsec. To  assurc calibration accuracy, the zero and maximum velocity 
points were checked before measurcments were made at each ~ x i a l  station. The mean value of the 
linearized signal was determined using a true integrator (DISA-52B30) and displayed on a digital 
voltmeter (Fluke-8200A). The rms signal was obtained from a true rms meter (TSI-1060). 

Total prcssure measurements were made using a pitot probc' frtbricatcd from a 0.020 in. 
outside diameter by 0.004 in. wall stainless steel tuhe with the tip flattened to  0.006 in. inside and 
ground to  0.010 in, outside height. Pitot pressure was stnscd us~tl,: a precision pressure indicator 
(TI-145) which was calibrated and shown to have inaccl~racies less than +0.001 psid at the 3 slgma 
lcvel of confidence. Atmospheric pressure was measured using a similar instrument which had in- 
accuracies less than 20.004 psia at the 3 sigma level. 

Surveys of the flow field werc ~nadc by niounting the codxial injector 011 a translating tablc 
(mill bed) and moving the inicctor relative to a fixed probc position. By driving the gcars of the 
translating tablc in only one direction, the displac.cnient of the test nozzk was known accurately 
t o  iO.OO1 In. Initial location of the probes relative to  the coaxial injector was deter~nincd using a 
theodolite. 

Dctailcd velocity and prcssurc measurements were made along thc jet centerline beginning 
0.010 in. downstream of the nozzle exit and continuing for 2.50 in. Axial stations at which velocity 
profiles werc obtained are 0.01 0, 0.030, 0.075. 0.1 5.0.25, 0.50. (3.75, 1.00, 1.75. 1 S O .  2.00. and 
2.50 incl~es. Pressure profiles wrre obtained at three axial s tat~ons:  0.010.0.10. ~ n d  0.25 inches. 

Qualitative Description of Coaxial Jet Mixing 

it is helpful in understanding these results to  form a picture of the dt2vcloping flow field. 
Somc of thC flow parameters which must be considered arc Rcynolds numbers. velocity and area 



ratios. and state of' the tlow. ix., fully viscous or potential like flow. In forming a picture of the 
flow, first consider conditions where the Reynolds numbers and velocity ratio are high (Re, > 
Rei > lo4 . Uo!Ui > I ) and where the area of the splitter plate to that of the central norrle is ex- 
tremely small, LC.. where the thickncss of the plate separating the inner from the outer flow can be 
neglected, AL/Ai 0. For these conditions and completely viscous flow at the injector cxit, veloc- 
ity at the nozzle centcrline must increase due to  viscous mixing between the high velocity outer jet 
and the low velocity inncr jet. However, for a condition of potential like flow ,t the injector exit. 
velocity along the centerline will remain constant until viscous mixing at the boundary between the 
'wo jets has h a i  time to reach the centerline. In other words, a potential core will initially cxist 
the lcngth of which is dependent on both velocity and area ratios as well as the initial thickness of 
the boundary layers at thc nozzle exit. An example of this type flow is discussed in the paper by 
Champagne and Wygnanski (1 9). 

Now consider for a moment the same flow conditions as abcve except let the splitter plate 
have a finite thickness, AL/Ai * 1. The flow must now expand t o  fill the region immediately down- 
stream of this plate. Therefore, a recirculatioi region will develop which contains two vortices of 
opposite direction of rotation, see Fig. 17. This recirculation region has approximately the same 
thickness as thc splitter plate at the nozzle exit and tapers to  zero at some downstream point. For 
the condition of  a thick splitter plate, as opposed to  a negligible one, the momentum transfer is 
initially from both jcts into the recirculation region instead of from the high speed outer jet directly 
to  the low speed inner one. Thus. for completely viscous flow at the nozzle exit the centerlinc 
velocity will decrease. Downstream where the recirculation zone ends, the momentum exchange is 
again from the outer t o  the inner jet and the centerline velocity will now begin t o  increase. An 
example of fully developed jet mixing with a finite splitter plate is discuwd in the paper by Durao 
and Whitelaw (20). 

The velocity decay in the early developing region of  the flow, the region contained within 
the recirculation zonc. is caused by at least two separate mechanisms: viscous mixing and pressure 
gradients. To help in understanding the separate effects each of these mechanisms has on the flow 
development. consider again the flow condition shown in Fig. 17, but in contrast to  the earlier ex- 
ample consider the flow at the nozzle exit to be potential with only a thin viscous region at its 
boundary. If the static pressure were constant everywhere downstream of the nozzle, as in a free 
jet, then viscous mixing would cause a decrease in velocity near the jet edge but a potential core 
would exist near the center, i.e.. the centcrline velocity would remain constant for a short distance 
downstream. The static pressure is. however, not constant throughout the flow. For conditions 
whcrc the splitter plate is not ncgligiblr. the recirculation zonc forms J pseudo-diffuser. causing a 
Inw pressure region t o  cxist near thc nozzle cxit. Wlthin this region lines of constant nliiss divcrgc 
and cvcn for potcntid like flow velocity decrcascs a l~nr~s t  uniformly across the jet. Viscous ct'fects. 
which arc always prwnt. cause a slightly more rapid decrease in vclocity at the jet boundary. For 
potcnti;rl flow. whcrc the viscous mixing regio~l at the jet houndary has not spread to  the ccntcrlinc 
by thi- t ~ m e  the !low rcachcs the cnd of  the rec~rculation zonc. thc velocity at the wntcrline will 
aftcr Icaving the zone. remain constant un;il viscous effects reach the center. 

Experimental Results 

I h e  to  phys!cal Ilnirtations. flows in practical injcc:ors are neither 
completely potentral nor fully d w l o p c d  at thr noz/ic exit. Experimentally determined mitial 
velocity prol'ilcs for onc elenlent of the Hell I c k l e n ~ e n t  injector are shown in Fig. 18. Shown in this 
sanir ftgi~rc arc power law curves representing a state of fully viscous initial flow. Empirical fits. 
using cxpwimental dat i~,  show that a 117th power I ~ I W  gives the best agreement for Reynolds num- 
bers near 3.8 x 1 Os and that a i ,' l Oth power works best for Keynolds numbers near 2.0 x lob. (21 1. 



A comparison of these curves with the measurements indicates that the flow was not fully developed. 
Note that a small potential flow region exists near the center of each jet. 

An overlay of velocity profiles measured at twelve axial locations is shown in Fig. 19a. Before dig- 
cussing these data, several comments should be made regarding the hot film used and its sensitivity. 
First, the power dissipated by the air passing over the heated film depends on both the mass flow 
rate past the sensor and the temperature difference between the sensor and fluid. Where this temp- 
erature difference is held constant, as it was during these measurements, the hot film is primarily 
sensitive to  the fluid mass flow per unit area pU. For measurements made at the same flow conditions 
for which a sensor is calibrated, velocity can be determined directly; however, for measurements made 
at conditions other than those for which it was calibrated. a correction for density must be made. 
The actual velocity is thus equal to the indicated velocity times the density during calibration divlded 
by the density of the flow being measured, U = Vpc/p. Second. cylindrical hot films are sensitive to 
flow velocity normal to their axis and almost insensitive to  any velocity components along their axis. 
These films are. however, not sensitive to  the direction of flow normal to their axis, i.e., the magni- 
tude of the velocity coniponent normal to the axis is measured and not its direction. Thus, measure- 
ments in r eg i~ns  of flow recirculation will bc incorrect. 

The profiles presented in Fig. 19a show a rapid velocity decrease in the initial region of  the 
central jet owing to  both viscous and pressure effects. Since the initial velocity at the nozzlc center- 
line can be considered potential, see Fig. 18, the decrease in velocity between stations z = 0.010 in. 
and 0.075 in. must be to a large extent due to pressure effects. Evidence of strong viscous effects 
can also be seen by noting the much morc rapid decrease in velocity at the jet boundary when 
going from z = 0.01 to 0. I5 in. This figure indicates that for z G 0.25 in. the momentum exchange 
is from both the inner and outer jets into the recirculation zone behind the splitter plate. Some- 
where between z = 0.25 and z = 0.50 in. the recirculation zone ends and the momentum transfer is 
from the high velocity annulus flow directly to the lower velocity inner jet. Also, illustrated by this 
figure is the tendency for the higher specd annulus flow to  collapse around the central jet. A com- 
parison of the peak velocity at z = 0.15.0.25, and 0.50 in. shows thcsc peaks to be moving toward 
the nozzle centerline. Figure 19h shows this trend to  continue until the flow becomes jet-like some- 
where between z = 1.5 and z = 2.0 in. It is also evident from this figure that the velocity near the 
outer edge of the outer flow, r r* 0.22 in., remains almost constant until the flow becomes jet-like, 
at which time the velocity across the entire flow field decays with distance. This is seen by noting 
that the profiles measured at all stations except z = 2.5 in., cross at approximately the same point. 

In order to quantify the importance of pressure gradients in the initial regions of the flow, 
a measure of static pressure was needed. Because direct measurements of static pressure are diffi- 
clrlt, if not impossible to ~nukc Iicar the csit ol'wcli u s~iiall injector. an indirect nicasurc was niade. 
In contrast to static prcssurc. totul preswrc C J I ~  be ;~cct~rately ~i iea~ured for tlie t?ow conditio~is 
considered here. Mcasurcmc~~ts of total pressure. P,,. iri addition to niass llux per unit area, p u .  
and total temperature, To, are sufficient t o  evaluate local static pressure. Static pressure at a 
point can for an ideal gas be written in terms of the local total pressure and Mach number as 

where Much numher is defined by 



Mac11 ~wnls?r  c m  he rewritten in terms ol'velocity measured using the hot film. u= pcv/p. and 
static pressure as 

where thc' flow temperature is equal to the temperature during calibration. Equations 14 and 15 can 
now be simultaneously solved for static pressure. 

The effect of experimcntal error when evaluating static pressure can most easily be seen 
by expanding Eq. 14 for small Mach number. 

By substituting Eq. 15 for M' one gets a quadratic equation for static pressure, which when solved 
becomes 

During this investigation, the central jet Mach number was always less than 0.23, therefore, the 
terms (7-1 M Z I ?  and ~ M 4 / 8  were neglected and the above equation differentiated to give a simple 
expression relating stdtic pressure error to errors in measurements of mean velocity and total 
pressure. 

Evaluation of Eq. 18 for errors of 2% in V and 0.25% in Po show the expected error in static pres- 
sure to be less than 0.4%. 

Using thc hot film and pitot tube data and Eq. 14 and 15, static pressure was determined. 
Thc data plotted in Fig. 20 shows static pressure t o  be approximately 2.5% below ambient at the 
nozzle exit (14.30 psia compared to 14.64 psia), to  incrzase rapidly and become equal to arirb~crit 
just bryond z = 0.25 in. (approxin~atcly one inner nozzlc diameter). Shown in Fig. 21 are three 
r;tdial pressure profiles The profiles mcasured at I.  = 0 01 .0  10 and 0.25 in show static pressure 
across the central jet to be practically constant. There does appear to be a very slight dccrcase in 
pressure near the jet boundary fcr ? = 0.01 in. These figures show axial pressure gradients to be 
much stronger than thc rdd~al ones l'cr the flow contamed within thc central jet. However, outside 
this rrgion. in  the recirculation znw,  radial pressurc gradie~ts  must be verq stccp becausc it is 
across this very narrow region that the pressure increases to become ambient. 



Figure 22 has been prepared to show that the static pressure measured a t  the nozzle exit is 
of the magnitude one should expect. Shown in this figure is a plot of inner nozzle exit pressure as 
a function of annulus plenum pressure. With no flow in the central jet, increasing velocity in the 
annulus causes a nearly linear decrease in pressure at the nozzle exit. Also shbwn in this figure is 
one static pressure point measured for a inner jet velocity of 250 ftlsec and an annulus velocity of 
700 ftlsec (plenum pressure * I0 in. Hg). As expected, the pressure was lowest with no flow in 
the nozzle and increased with increasing velocity. 

Going back to  the idea that flow downstream of the splitter plate forms a pseudo-diffuser, 
one can be integration of the data given in Figs. 19 and 20 establish contours (lines) within which mass 
is constant and equal to  the total flow through the central nozzle. Doing this, one finds that the 
flow expands approximately 60% of the distance across the splitter plate at the location at which 
pressure gradients disappear. 

Effci-ts of neglectinp prcssure gradients when cvaluatirig velocity from hot film and pitot 
tube data can be seen in Fig. 23. Three separate curves of centerline velocity are shown. The velocity 
curve indicated by open circles is evaluated from hot film data directly while the curve indicatcd hy 
solid circles is the same data concctcd for changes in dcnsity (true velocity). Comparison of these 
curves shows the maximum error in velocity due to  neglecting density variations to  be less than 35%. 
1 lit. third curve, irrilcated h). dianlonds. shows the velocity calculated direct!y from the total pres- 
w e  data assuming static pressurr' everywhere equal to  ambient (as is often done in reduction of 
p t o t  tube data for coaxial iets). Determination of velo~ity in this way can result in tremendous 

' 

errors. e.g., the 2.5V diffewnce in static pressure rcsults in ,i difference of approximately 40% in 
calcu1;ited velocity. This large crror results from taking the difference between pressure ratio and 
one in contrast to hot wire errors which results from pressure ratio only. 

Figure 23 shows not only a rapid decrease in centcrline velocity due to  both viscous and pres- 
sure effects ( z  < 0.35 in.), i t  also indicates a short region beyond the recirculation zone wherc Ihc 
vclocity remains constant (0.35 in. < z < 0.55 in.). The reason for this. as has alrcady been ex- 
plained. is that the growing viscous region has not spread to  the centerline before the flow leavcs 
the recirculation Lone. 'Thi* \harp incrcase in velocity for z > 0.55 in. shows that viscous effects 
have finally reachcd the centerlinc. Beyond z % 0.35 in. and until the flow bccomes jet like at 
z a 2.0 in.. the momentum cxchanpe i v  directly from the high velocity i~nnulus flow to the lower 
velocity nozzlc flow. Thcre is. of course, during thrt entire flow development. a viscous rcgion 
growing at the outer c d p  of thr annulus. Where the ratio of iinnull~s area to  central nozzle area. 
.Ao/Ai. is less than one. this viscous mixing region will have a large effect on the flow development. 

To dcmijn\tratr' thit ;r:~wra~y of thc vcIoclty tiic;I~I1rc8I?icli1v. 1iiomc~ntt11ii &;IS c~alc~11;1t~-d ;it 

tach ; ~ h i ; ~ l  nicasuritig statioli. ThC p3rccnt tlcvi.ltloli 111 moni~*ntt~ni  t'roni tlic 1iica11 01 a11 Iiv;;IwrIng 
station9 is shown as a t'unctioti of a x ~ a l  rlisplacc~lliunt in Fig. 24. The maximum error over the en- 
tire riiciwrinp region is less t l i ; ~ ~  ';: . TRO factors conlnhuting to this s11i;rll crror .~ rc  IIic now 
lincatity of the hut film r ~ ~ s l m w  and thc I'i~litc region over which thc mome,nluni t n t~y . r l  codd  1~ 
cvalualed (thin rc:pion o w r  which mc;Isurc.IIicnts wcw ~i i ;~dc  1. Using this same d ; ~ t ; ~ .  t h c  r;ltc 01' niahs 
cntralnrnent was dc~tcrniintxl. I t  is ,~pp,lrcnt i'roni Fig. 25 that the rate of entrainment remains al- 
most constm~t $kith iiownvlrc;~m d i c t ~ n c ~ ~ .  !'onilr;lrin;! this rJtc with that of a Irccs 11'1, c . g .  sceb 
Spaldlng (22), the coaxial injector corresponds t o  a frce jet with a nozzle diameter of 0.27 in. This 



is smallcr than the annulus diameter (0.44 in.) and larger than thc central nozzle diameter (0.24 in.), 
thus. thc measured entrainment rate is within the expected range. 

I P  zrldition to mean velocity. axiitl turbulence intensity was determined at each measuring 
station. Figure 26 shows an overiay of turbulence intensity profiles measured at seven axial stations. 
During the early dwelopment. three intensity peaks exist. two corresponding to  the mixing regions 
between the recirculation zonc and the jets and one corresponding to  the mixing region at the outer 
edge of the annulus. The two peaks downstream of the sptitter plate rapidly merge and become one 
at the end of the recirculation zone. Note that beyond this zone the inner peak decays and moves 
towards the centerline, becoming jet-like between z = 1.5 and 2.0 in. In contrast the outer peak re- 
mains at a fixed position. z * 0.22 in.. while decreasing in magnitude (as for a free jet). The change in 
magnitude of turbulence intensity along the jet centerline can best be seen from Figure 27. 'Curbubnce 
intensity increases almost linear with distance from the nozzle exit t o  the end of the region of re- 
circulation, z < 0.25 in. For a short distance outside this region. 0.25 < z C 0.45 in.. the intensity 
remains fairly constant then increases similar t o  the mean velocity. These regions of similarity. 
betwren tlw centerlinc velocity and turbulence intensity, do not coinci:ie t .  911  one another as can be 
seen from Figure 28. Shown in this figure are three curves - one for turbulence intensity, one for 
mean velocity and a third for the ratio of turbulence intensity and mean velocity (relative turbulence 
intensity'). Each of these curves show regions of rapid change in the flow properties with axial dis- 
placement. Notice. however. that these rcgions arc different in length as well as being slightly dis- 
placed from curve to curvc. This is not surprising since turbulence and mean time scales are differelk 

Figure 29 has been prepared t o  summarize in a concise way some of the key features of 
coaxial jet flows wherc the splitter plate has a finite thickness and where the annulus velocity is 
greater than ihe central jet velocity. Shown in this figure are measured velocity profiles plotted as a 
function of distance from the injector exit. The key features illustrated by this two-dimensional 
representation of thc flow field are: first. the recirculation zone downstream of the splitter plate, 
second the rapid decrease in velocity of the central jet in this recirculation region owing to  both viscous 
and pressure effects. and third, the eventual collapsing of the annulus flow around the central jet. 



D. A n a l y t i c a l  C o a x i a l  J e t  F l o w  C h a r a c t e r i z a t i o n  

The a b i l i t y  t o  make m e a n i n g f u l  c a l c u l a t i o n s  o f  t h e  
p e r f o r m a n c e  o f  r o c k e t s  and r a m j e t s  has been an i m p o r t a n t  g o a l  of 
P r o p u l s i o n  E n g i n e e r s  f o r  many y e a r s .  W i t h i n  t h e  p a s t  f i v e  y e a r s ,  
Chemica l  L a s e r s  have r e i n f o r c e d  t h i s  i n t e r e s t ,  because i t  has 
become i n c r e a s i n g l y  a p p a r e n t  t h a t  a d e q u a t e  l a s e r  d e s i g n  r e q u i r e s  
t h e  a b i l i t y  t o  p r e d i c t  i n  d e t a i l  b o t h  l a m i n a r  and t u r b u l e n t  f l o w s  
( i n c l u d i n g  r e c i r c u l a t i o n  r e g i o n s ) ,  t o g e t h e r  w i t h  t h e  c h e m i c a l  
k f n e t l c s ,  and t h e i r  complex  i n t e r a c t i o n s .  A t  o r e s e n t ,  adequa te  
d e s i g n  c a l c u l a t i o n s  c a n n o t  be made u s i n g  e x i s t i n g  c o m o u t a t i o n a l  
and m o d e l i n g  t e c h n i q u e s ,  e .g . ,  Re f .  2. 

H i s t o r i c a l  l y ,  i n v e s t i g a t o r s  have been c o n c e r n e d  w i t h  v e r y  
s i m p l e  f l o w s  such as s i n g l e - c o m p o n e n t ,  n o n - r e a c t i n g  b o u n d a r y  
l a y e r s ,  and a x i s y m m e t r i c  f r e e  j e t s .  O f  c o u r s e ,  when t h e  com- 
p l e x i t i e s  o f  t u r b u l e n c e  must  be i n c l u d e d  i n  a n a l y s e s ,  t h e  n r e -  
d i c t i o n  o f  even such r e l a t i v e l y  s i m p l e  f l o w s  becomes a  f o r m i d a b l e  
c o m p u t a t i o n a l  t a s k .  Thesz c o m p l e x i t i e s  a r e  comoounded when 
boundary  c o n d i t i o n s  a p p l i c a b l e  t o  a c t u a l  ha rdware  m u s t  be 
c o n s i d e r e d .  

I n  t h e  A n a l y t i c a l  C o a x i a l  J e t  F l o w  C h a r a c t e r i z a t i o n  phase 
of t h e  c o n t r a c t ,  c o m p u t a t i o n s  were made u s i n q  s t a t e - o f - t h e  a r t  
c o m ~ u t a t i o n a l  and m o d e l i n g  t e c h n i q u e s .  A s i m o l e  c o a x i a l  q e o m e t r y  
was b e i n g  comouted i n  w h i c h  no s i g n i f i c a n t  d e n s i t y  v a r i a t i o n s  
o c c u r r e d .  The re  a r e  two d i f f e r e n t  anp roaches  q e n e r a l l y  f o l l o w e d  
f o r  such a n a l y s e s  o f  t u r b u l e n t  f l o w s :  a )  a n  eddy v i s c o s i t y  
t u r b u l e n c e  mode l ,  e .g. ,  Refs .  5 ,  23, 24, and h )  a  t u r b u l e n c e  
k i n e t i c  ene rgy  t u r b u l e n c e  mode l ,  e .g . ,  R e f s .  25 t o  27 arid 23.  
Because o p e r a t i o n a l  computer  p rograms were a v a i l a b l e  a t  Re11 
Aerospace w h i c h  used t h e  eddy v i s c o s i t y  mode l  o f  R e f .  5 and t h e  
t u r b u l e n c e  k i n e t i c  e n e r g y  aop roach  o f  S ~ a l d i n q  e t  a l ,  e .q . ,  
Ref.  29, t h e s e  s p e c i f i c  mode ls  were  used f o r  t h e  p r e d i c t i o n  of  
t h e  d e t a i l e d  a x i a l  v e l o c i t y  d i s t r i b u t i o n s  f o r  d i r e c t  c o m p a r i s o n  
w i t h  t h e  e x p e r i m e n t a l  d a t a  p r e v i o u s l y  p r e s e n t e d  ( S e c t i o n  C ) .  
N o t e  t h a t  t h e  eddy v i s c o s i t y  model o f  R e f .  5 had been s p e c i f i c a l l y  
d e v e l o p e d  f o r  o r e d i c t i n g  a x i s y m m e t r i c  c o f l o w i n g  s t reams  and, 
t h e r e f o r e ,  was e x p e c t e d  t o  make ~ r e d i c t i o n s  as good as any  such 
model . 

The c o m p u t a t i o n a l  t e c h n i q u e  used f o r  t h e  n u m e r i c a l  i n t e g r a -  
t i o n  o f  t h e  c o n t i n u i t y ,  r;~omentum, and e n e r g y  e q u a t i o n s  was 
s i m i l a r  t o  t h e  method used b y  Z e i b e r g  and B l e i c h ,  R e f .  S ,  i . e . ,  
t h e  e q u a t i o n s  were simp1 i f i e d  u s i n g  boundary  l a y e r  a o ~ r o x ! m a t i o n s ,  
t h e  r a d i a l  v e l o c i t y  was e l i m i n a t e d  t h r o u g h  use u f  t h e  von M i s e s  
c o o r d i n a t e  t r a n s f o r m a t i o n ,  and t h e  r e s u l t i n q  e q u a t i o n s  s o l v e d  by  
e m p l o y i n g  an e x o l i c i t  f i n i t e  d i f f e r e n c e  method.  The t u r b u l e n c e  
k i n e t i c  e n e r q y  (TKE) n rog ram and TKE model had been d e v e l o o e d  by  
S p a l d i n g  and c o w o r k e r s  f o r  p r e d i c t i n g  f l o w s  bounded by w a l l s ,  
R e f s .  28 and 2 9 .  I n  a p p l y i n q  t h i s  o roq ram t o  o r e d i c t  c o a x i a l  
f r e e  j e t  f l o w s ,  t h e  w a l l s  were moved f r o m  t h e  c o a x i a l  e l e m e n t  as 



f a r  a s  p o s s i b l e  t o  m i n i m i z e  t h e i r  e f f e c t  on t h e  c o m p u t a t i o n s .  
The p r e d i c t i v e  t e c h n i q u e  used, was t o  t r a n s f o r m  t h e  s e p a r a t e  
c o n s e r v a t i o n  e q u a t i o n s  (mass, momentum and e n e r g y )  i n t o  a  
" s t a n d a r d "  s e t  o f  n o n l i n e a r ,  e l l i p t i c ,  p a r t i a l  d i f f e r e n t i a 1  
e q u a t i o n s ,  R e f .  28. The r e s u l t i n g  c o u p l e d  e q u a t i o n  s e t  was 
s o l v e d  by  a  f i n i t e - d i f f e r e n c e  p r o c e d u r e ,  u s i n g  t h e  G a u s s - S e i d e l  
i n t e r a c t i v e  t e c h n i q u e .  

Compar ison o f  t h e  p r e d i c t i o n s  o b t a i n e d  w i t h  each o f  t h e s e  
m i x i n g  mode ls  and t h e  e x p e r i m e n t a l  d a t a  ( S e c t i o n  C) a r e  p r e s e n t e d  
i n  F i g s .  30  t o  41. F o r  t h e  eddy v i s c o s i t y  model ,  p r e d i c t i o n s  
were a v a i l a b l e  a t  t h e  i d e n t i c a l  a x i a l  s t a t i o n s  f o r  w h i c h  d a t a  
were t a k t n ;  however,  because o f  t h e  a s p e c t  r a t i o  c o n s t r a i n t s  o f  
t h e  g r i d  i n  t h e  " S p a l d i n g "  a n a l y s i s ,  R e f ,  28, i d e n t i c a l  s t a t i o n s  
were n o t  a v a i l a b l e  i n  a l l  cases .  I n  such  cases ,  t h e  a x i a l  s t a -  
t i o n  c l o s e s t  t o  t h a t  d e s i r e d  was p r e s e n t e d  as i n d i c a t e d  i n  t h e  
f i g u r e s .  C l e a r l y ,  t h e  agreement  o b t a i n e d  w i t h  t h e  TKE model  and 
t h e  d a t a  wou ld  n o t  have been improved  by a  m i n o r  a d j u s t m e n t  o f  
t h e  g r i d  s p a c i n g .  

B o t h  t y p e  o f  p r e d i c t i o n s  were  made assuming i n i t i a l  s l u g  
( s t e p )  p r o f i l e s  a t  z = 0  u s i n g  b u l k  mean v e l o c i t i e s ,  a s  d i s c u s s e d  
i n  R e f .  4. These compar i sons  c l e a r l y  d e m o n s t r a t e  t h a t  n e i t h e r  
t y p e  o f  m i x i n g  model i s  a p p l i c a b l e  t o  t h e  c o a x i a l  j e t  f m a  
p r a c t i c a l  c o a x i a l  i n j e c t o r .  ( F e a t u r e s  o f  t h i s  f l o w  were d i s c u s s e d  
i n  some d e t a i l  i n  S e c t i o n  C . )  I n  t h i s  p a r t i c u l a r  i n s t a n c e  t h e  
eddy v i s c o s i t y  m i x i n g  model does a  f a r  b e t t e r  j o b  t h a n  t h e  TKE 
mod21, a l t h o u g h  t h e  m f x i n g  r a t e  i s  u n d e r p r e d i c t e d  somewhat by  
t h e  eddy v i s c o s i t y  model b u t  d r a s t i c a l l y  o v e r p r e d i c t e d  by  t h e  
TKE mode l .  N o t e  t h a t  n e i t h e r  o f  t h e  a n a l y s e s  a c c o u n t  f o r  t h e  
t r a n s v e r s e  p r e s s u r e  q r a d i e n t s  t h a t  o c c u r  i n  t h e  a c t u a l  f l o w  w h i c h  
a r e  i n  p a r t  r e s p o n s i b l e  f o r  t h e i r  f a i l u r e  t o  p r e d i c t  t h e  d e t a i l e d  
b e h a v i  o r .  

The eddy v l s c o s i t y  model made no a d j u s t m e n t  f o r  t h e  c o r e  
r e g i o n ,  as was f o u n d  n e c e s s a r y  i n  p r e d i c t i n g  t h e  d a t a  p r e s e n t e d  
i n  Ref.  4. Had a  dec reased  v a l u ?  of t h e  eddy v i s c o s i t y  been used 
i n  t h e  c o r e ,  a  dec rease  i n  t h e  p r e d i c t e d  r a t e  o f  m i x i n g  wou ld  
have o c c u r r e d ,  and agreement  w i t h  t h e  e x p e r i m e n t a l  d a t a  wou ld  
have been even p o o r e r  t h a n  p r e s e n t e d  i n  F i g s .  30  t o  41. 

Two i m p o r t a n t  f e a t u r e s  o f  t h e  eddy v i s c o s i t y  p r e d i c t i o n s  
a r e :  1 )  The d e c r e a s e  i n  t h e  c e n t r a l  j e t  v e l o c i t y  a t  z < 0.5 i n .  
i s  n o t  p r e d i c t e d .  S i n c e  o n l y  momentum t r a n s f e r  be tween t h e  l o w -  
v e l o c i t y  c e n t r a l  j e t  and h i g h - v e l o c i t y  o u t e r  j e t  i s  c o n s i d e r e d ,  
no v e l o c i t i e s  l e s s  t h a n  t h a t  o f  t h e  o r i g i n a l  c e n t r a l  j e t  can  be 
computed, and 2 )  M i x i n g  i n  t h e  v i c i n i t y  o f  t h e  c e n t e r l i n e  i s  n o t  
s u f f i c i e n t l y  f a s t  f o r  t h e  v e l o c i t y  maximum t o  r e a c h  t h e  c e n t e r -  
l i n e  between z = 1.5 and 2.0 i n .  as  o c c u r s  i n  t h e  d a t a .  I n  f a c t ,  
t h e  p r e d i c t i o n s  do n o t  even e x h i b i t  a  l o c a l  maximum a t  t h e  
c e n t e r l i n e  a t  t h e  2 .5  i n .  s t a t i o n .  The eddy v i s c o s i t y  model o f  



R e f .  5 h a d  t o  b e  m u l t i p l i e d  b y  a  f a c t o r  o f  1 .7  b e f o r e  t l i e  maximum 
v e l o c i t y  o c c u r r e d  a t  t h e  c e n t e r 1  i n e  a t  z = 2 .5  i n .  However ,  i n  
t h e s e  p r e d l c t i o n s  m i x i n g  a t  m o s t  r a d i a l  p o s i t i o n s  w e r e  much t o o  
f a s t ,  and  j e t  s p r e a d i n g  was p r e d f c t e d  t o  be  c o n s i d e r a b l y  t o o  
g r e a t .  

A n o t h e r  eddy  v l s c o s i  t y  mode l  t h a t  was o o e r a t i o n a l  a t  Be1 1  
was t h a t  o f  R e f ,  30. T h e r e f o r e ,  .it was o f  i n t e r e s t  t o  compare 
p r e d i c t i o n s  o f  t h i s  mode l  w i t h  t h a t  o f  t h e  mode l  o f  R e f .  5 ,  t h a t  
had heen  u n d e r  d e v e l o p m e n t  f o r  s e v e r a l  y e a r s ,  e ,a . ,  R e f .  3 .  The 
p r e d i c t i o n s  made w i t h  t h e  mode l  o f  R e f ,  3 0  were  considerably 
p o o r e r  t h a n  t h o s e  u s i n g  t h e  o r i g i n a l  m o d e l ;  m i x i n g  - a t e s  w e r e  
s t i l l  f u r t h e r  u n d e r p r e d i c t e d ;  t h e r e f l r e ,  d e t a i l e d  r e s u l t s  a r e  
n o t  p r e s e n t e d ,  A t  t h e  z = 2 .5  i n .  s t a t i o n ,  t h e  v e l o c i t y  o r o f i l e  
s t i l l  e x h i b i t e d  a  l o c a l  maximum ( 5 1 1  f t / s e t )  a t  a  r a d i a l  nos !  t i o n  
o f  0 .12  i n .  w h i l e  t h e  v e l o c i t y  a t  t h e  c e n t e r l i n e  was 163 f t / s e c  
l o w e r  ( 3 4 8  f t / s e c ) .  T h e r e f o r e ,  none  o f  t h e  p r o f i l e s  shapes  w e r e  
as v a l i d  a s  t h o s e  o b t a i n e d  u s i n g  t h e  mode l  o f  R e l .  5. C l e a r l y ,  
t h e  mode l  o f  R e f .  3 0  i s  n o t  an i m p r o v e m e n t  o v e r  t h a t  o f  Re f .  5 
as  o r i g i n a l l y  f o r e c a s t ,  a t  l e a s t  f o r  p r e d i c t i n g  t h e s e  c o a x i a l  
j e t  d a t a .  

The m i x i n g  r a t e s  p r e d i c t e d  w i t h  t h e  TKE mode l  and  compu ta -  
t i o n a l  t e c h n i q u e  d e s i g n a t e d  b y  S p a l d i n g  as  R R A S S  a r e  much t o o  
f a s t  r e s u l t i n g  i n  v e r y  r a p i d  v e l o c f t y  d e c a y s .  The r e l a t i v e  
i n f l u e n c e  o f  t h e  w a l l s  w h i c n  c o u l d  n o t  be moved o u t  beyond a b o ~ l t  
3 . 5  i n .  w i t h o u t  c o m p u t a t f o n a l  i n s t a b i l i t y  r e s u l t i n s ,  and  t h e  
i n f l u e n c e  o f  t h e  TKE mode l  w h i c h  o v e r p r e d i c t e d  t h e  m i x i n g  d r a s -  
t i c a l l y  c o u l d  n o t  be  a s s e s s e d .  

" w d j u s t m e n t "  o)  t h e  v e l o c i t y  f i e l d ,  i . e . ,  t h e  p r o f i l n  
s h a ~ e s ,  no d o u b t  c o u l d  have  been made b y  f u r t h e r  m o d i f i c a t i o n  o f  
t h e  c o n s t a n t s  , o f  t h e  m o d e l s .  However ,  s u c h  m o d i f i c a t i o n  was 
beyond  t h e  s c o p e  c f  t h i s  wo rk ,  w h i c h  had  as  i t s  o b j e c t i v e  an 
e v a l u a t i o n  o f  e x i s t i n g  m o d e l ? ,  R e s u l t s  c l e a r l y  d e m o n s t r a t e  t h a t  
a  new m i x i n g  m d d e l ,  o r  a t  l e a s t  d r a s t i c  r e v i s i o n  o f  e x i s t i n !  
m o d e l s ,  i s  r e q u i r e d  b e f o r e  c o n p u t a t i o n  o f  p r a c t i c a l  c o a x i a l  j e t  
f l o w s  i n  w h i c h  t h e  v e l o c i t y  o f  t h e  o u t e r  j e t  i s  s i q n i f i c a n t l y  
g r e a t e r  t h a n  t h a t  o f  t h e  c e n t r a l  j e t ,  and  w h i c h  c o n t a i n  a  s p l i t t e r  
p l a t e ,  c a n  be made w i t h  c o n f i d e n c e .  



V .  CONCLUSIONS 

A s i m p l e ,  s e m i - e m p i r i c a l  p e r f o r m a n c e  c o r r e l a t i o n / p r e d i c t i o n  
t e c h n i q u e  a p p l i c a b l s  t o  gaseous  and  l i q u i d  p r o p e l l a n t  r o c k e t  
e n g i n e s  was p r e s e n t e d .  C o r r e l a . c i o n s  w e r e  a t t a i n e d  b y  " a d j u s t i n g "  
t h e  c o m p u t a t i o n  o f  t h e  g a s e o u s  m i x i n g  o f  an  u n r e a c t i e ; e ,  c o a x i a l  
j e t  u s i n g  a  C o r r e l a t i o n  F a c t o r ,  F,  w h i c h  r e s u l t e d  i n  p r e d i c t i o n  
o f  t h e  e x p e r i m e n t a l  c o m b u s t i o n  e f f i c i e n c y  t o  w i t h i n  0 .1% f o r  e a c h  
f i r i n g .  The  t e c h n i q u e  was s u c c e s s f u l  1  y a p p l  i e d  t o  R o c k e t d y n e ,  
A e r o j e t ,  TRW, and B e l l  A e r o s p a c e  gaseous  Hz102 r o c k e t  e n g i n e s  
u t i l i z i n g  c o a x i a l ,  t r i p l e t ,  t r i s l o t ,  p r e m i x ,  a n d  r e v e r s e  f l o w  
i n j e c t o r  e l e m e n t s ,  and t o  B e l l ' s  6000  I b - t h r u s t  O r b i t a l  M a n e u v e r i n g  
and 600  l b - t h - u s t  R e a c t i o n  C o n t r o l  E n g i n e s ,  w h i c h  u t i l i z e  t r i p l e t  
and u n l i k e  d o u b l e t  i n j e c t o r  e l e m e n t s ,  r e s p e c t i v e l y ,  and l i q u i d  
m o n o m e t h y l h y d r a z i n e  and n i t r i c  o x i d e  p r o p e l l a n t s .  

The r a n g e  o f  c o n d i t i o n s  o v e r  w h i c h  t h e  g a s e o u s  H2/0 r o c k e t  t e n g i n e s  we re  c o r r e l a t e d  i s :  I n j e c t o r  e l e m e n t s  7  t o  96, C amber 
l e n g t h  3 . 7  t o  8 .3  i n . ,  L* 7 .7  t o  57, Chamber p r e s s u r e  28 t o  470  
p s i a ,  " E f f e c t i v e "  r a d i u s  (R1 )  0 .026  t o  0 . 7 1  i n . ,  Uo2 9 0  t o  580  
f t l s e c ,  UH 520 t o  3720  f t / s e c ,  V 1 .04 t o  22.6,  vex,, 8 1 . 6  t o  
99.5%, ~ i l z - c o o l a n t  l e v e l  0 t o  30%, 0 / H z  mass r a t l o  1 .9  t o  7 .5 ,  
F 0 .029 t o  2.2, and F * L / R l  3  t o  17 .  I o r  t h e s e  t e s t  d a t a ,  F was 
e s s e n t i a l l y  i n d e p e n d e n t  o f  T-I , number  o f  i n j e c t o r  e l e m e n t s ,  
chamber  p r e s s u r e ,  and  ( e x c e p f X B n  one i n j e c t o r )  f i  l m - c o o l a n t  l e v e l .  

P r e d i c t i o n s  o f  r o c k e t  e n g i n e  p e r f o r m a n c e  u s i n g  t h e  s i m p l e  
u n r e a c t i v e  ( c o l d  f l o w ) ,  Hz102 m i x i n g  c a l c u l a t i o n  r e q u i r e  a s  
i n p u t :  chambe)* p r e s s u r e  ( P C ) ,  l e n g t h  f r o m  i n j e c t o r  t o  n o z z l e  
t n r o a t  ( L ) ,  number o f  i n j e c t o r  e l e m e n t s  ( E L ) ,  and t h e  mass f l o w  
r a t e ,  i n j e c t o r  a r e a ,  and  t o t a l  t e m p e r a t u r e  o f  e a c h  p r o p e l l a n t .  
An a d d i t i o n a l  i n p u t  r e q u i r e d  i s  t h e  C o r r e l a t i o n  F a c t o r ,  F, w h i c h  
c a n  b e  e s t i m a t e d  f r om p l o t s  o f  F * L / R  v e r s u s  v e l o c i t y  r a t i o ,  V R ,  
f o r  t h e  i n j e c t o r  c o n f i g u r a t i o n  o f  i n  l e r e s t .  

The success  a c h i e v e d  w i t h  t h e s e  s i m  l e  c o r r e l a t i o n s  s u q g e s t s  
t h a t  k e y  r o c k e t  d e s i g n  p a r a m e t e r s  a r e :  1  ! i n j e c t o r  c o n f i g u r a t i o n ,  
2 )  chamber  l e n g t h  d i v i d e d  b y  t h e  " e f f e c t i v e "  r a d i u s  o f  t h e  c e n t r a l  
o x i d i z e r  j e t ,  L / R l ,  3 )  v e l o c i t y  r a t i o ,  V R ,  ( r a t h e r  t h a n  t h e  a c t u a l  
v e l o c i t i e s  t h e m s e l v e s ) ,  and 4 )  p r o o e l l a n t  t y p e .  The  c o r r e l a t i o n /  
p r e d i c t i o n  t e c h n i q u e  i s  u s e f u l  f o r  n r e d i c t i n g  op t imum o p e r a t i n e  
c o n d i t i o n s  f o r  a  g i v e n  i n j e c t o r  g e o m e t r y ,  and f o r  a s s e s s i n g  t h e  
c o n s i s t e n c y  o f  t e s t  d a t a .  B e f o r e  l i q u i d  r o c k e t  and  Space S h u t t l e  
M a i n  E n g i n e  p e r f o r m a n c e  p r e d i c t i o n s  c a n  be  made w i t h  c o n f i d e n c e ,  
a d d i t i o n a l  l i q u i d  r o c k e t  d a t a ,  c o v e r i n g  a  w i d e r  r a n g e  o f  c o n d i -  
t i o n s ,  m u s t  be c o r r e l a t e d .  

S t a t i c  p r e s s u r e ,  mean v e i o c i  t y  a ~ d  t u r b u l e n c e  i n t e n s i t y  
q o f i l e s  i n  t h e  d e v e l o p i n g  r e g i o n  o f  a  n u n - r e a c t i v e  ( a i r - a i r )  

c o a x i a l  j e t  were  p r e s e n t e d  i n  w h i c h  Uo /U i  = 2 .8 ,  t y p i c a l  o f  



c o a x i a l  i n j e c t o r  e l e m e n t s .  D e t a i l e d  d a t a  were o b t a i n e d  a t  t w e l v e  
a x i a l  l o c a t i o n s  ( e x t e n d i n g  f rom t h e  n o z z l e  e x i t  f o r  a  d i s t a n c e  
o f  f i v e  d i a m e t e r s )  downstream f r o m  a s i n g l e  e l e m e n t  o f  t h e  B e l l  
Ae rospace  H 2 / 0 2  1 9 - e l e m e n t  c o a x i a l  i n j e c t o r .  Measurements of  
m a s s - f l  ux p e r  u n i t  a r e a  ( u s 1  ng a  c o n s t a n t  t e m p e r a t u r e  anemometer) ,  
t o t a l  p r e s s u r e ,  and l o c a l  t e m p e r a t u r e  were used  i n  t h e  d e t e r m i n a -  
t i o n  o f  l o c a l  s t a t i c  p r e s s u r e  and v e l o c i t y .  

R e s u l t s  showed t h e  s t a t i c  p r e s s u r e  d e c r e a s e s  i n  t h e  v i c i n i t y  
of t h e  n o z z l e  e x i t .  A l t h o u g h  t h e  p r e s s u r e  r e d u c t i o n  was o n l y  
0 .34  p s i ,  i t  s u b s t a n t i a l l y  a l t e r e d  t h e  f l o w .  V e l o c i t i e s  i n  t h e  
c e n t r a l  j e t  n e a r  t h e  n o z z l e  e x i t ,  dec reased  i n i t i a l l y  ( t h e r e  was 
no c e n t r a l  v e l o c i t y  c o r e )  a s  a  r e s u l t  o f  b o t h  p r e s s u r e  g r a d i e n t s  
and v i s c o u s  m i x i n g .  

The e x p e r i m e n t a l  r e s u l t s  were  compared w i t h  a n a l y t i c a l  
p r e d i c t i o n s  made u s i n g  eddy v i s c o s i t y  and t u r b u l e n c e  k i n e t i c  
e n e r g y  m i x i n g  mode ls  and a v a i l a b l e  compu te r  codes.  Comoar isons  
were d i s a p p o i n t i n g ,  t h e  eddy v i s c o s i t y  model  u n d e r p r e d i c t e d  t h e  
e x t e n t  o f  t h e  m i x i n g ,  e s p e c i a l l y  i n  t h e  r e q i o n  w i t h i n  t h e  r a d i u s  
o f  t h e  c e n t r a l  j e t ;  whereas,  S ~ a l d i n g ' s  TKE model  d r a s t i c a l l y  
o v e r p r e d i c t e d  t h e  e x t e n t  of  t h e  m i x i n g  t h r o u g h o u t  t h e  f l o w  
f i e l d .  I n  sum, i n  p r a c t i c a l  c o a x i a l  i n j e c t o r s :  1 )  t h e  e f f e c t s  
o f  p r e s s u r e  g r a d i e n t s  can  s i g n i f i c a n t l y  i n f l u e n c e  t h e  m i x i n g  and 
c o m b u s t i o n ,  and 2 )  p r e s e n t  t u r b u l e n t  m i x i n g  mode ls  and computa-  
t i o n a l  t e c h n i q u e s  a r e  n o t  adequa te  f o r  p r e d i c t i n g  t h e  f l o w  i n  
t h e  d e v e l o p i n g  r e g i o n .  
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F I G ' J R  E 2 .  Schematic of Coaxial Turbulent Jet and Definition of Mixing Regiom 
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Figurt 4 A.  Rorketdyne Trislot Injector Performance Data 
Reference 9 
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Figure 5 A .  Aerojet Coaxial Injector Performance Data 
Reference 1 !I 
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Figure 16. Bell Hydrogenloxygen Injector Element 
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Figu:.: 18. t2omparison of Initial Velocity Profiles with 1 /7 and 1 / 10 Power Laws 
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APPENDIX A 

GASEOUS HYDROGEN/OXYGEN ROCKET PERFORMANCE 
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U s e r ' s  Manual f o r  IBM 7090 
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APPENDIX A 

GASEOUS HYDROGENIOXYGEN ROCKET PERFORMANCE 
CORRELATION AND PREDICTION PROGRAM 

1. D e s c r i p t i o n  o f  Program 

The computer program used f o r  t h e  Gaseous Hz102 Rocket  
Performance C o r r e l a t i o n  P r e d i c t i o n  C a l c u l a t i o n s  i s  s i m i l a r  t o  
t h a t  d e s c r i b e d  i n  d e t a i l  i n  Ref. 8, i .e . ,  i t  u t i l i z e s  an e x p l i c i t  
f i n i t e - d i f f e r e n c e  numer i ca l  i n t e  r a t i o n  t echn ique  i n  wh ich  t h e  
gove rn ing  shear  l a y e r  equa t i ons  9 wh ich  a r e  i d e n t i c a l  i n  f o r m  t o  
t h e  boundary l a y e r  e q u a t i o n s )  a r e  s o l v e d  i n  t h e  von Mises  co-  
o r d i n a t e  system. The b a s i c  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  s o l v e d  
are:  

Mass * 

Moment urn 

E n e r g y  

U 
2 

U 
2 

1 a N a - 
a H t p V a H  = -- 2 I aH 

[ U Y  (ay a 2- 
pu ,, + - (- - -) 

a Y y N  ay P r  ay a~ 

D i f f u s i o n  

( a )  S p e c i e s  ( f r o z e n  a n d  f i n i t e  rate c h e m i s t r y )  

*Nomenclature i s  c o n s i s t e n t  w i t h  t h a t  of Ref. 8. 

A -  1  



(b) Elements (equilibrium chemistry) 

- 
0 = Planar Two-Dimensional Flow 

N = 
L 1 = Axisymmetric Flow 

The equations are transformed from the physical plane to a 

In this plane, 

Moment urn - 

plane specified by 

N U ~ ~ O  = puyNay and 9Na$ = pvy ax 

the Conservation Equations become: 

Diffusion -.- 

(a) S p e 2 i z s  

ib) Elements 

where 



2. T r a n s f o r m e d  S t r e a m f u n c t i o n  P l a n e  

The s t r e a m f u n c t i o n  t r a n s f o r m a t i o n  may be w r i t t e n  a s  

= {  
0 - P l a n a r  2-D F l o w  

1  - A x i s y m m e t r i c  F low  

If t h e  i n i t i a l  p r o f i l e  c o n s i s t s  of  two u n i f o r m  s t reams ;  s a y  
hyd rogen  f rom y l  = 0 t o  y 2  = y ~  and oxygen f r o m  y 2  t o  y3, 
t h e n  t h e  s t r e a m f u n c t i o n  can  be gonpu ted  as 

B u t  9, = y, = 0, so t h a t  

F o r  t h e  oxygen s t r e a m  

1 No te  t h a t  f o r  p l a n a r  2 -0  f l o w ,  = 1. t h e  s t r e a m f u n c t i o n  i s  
i d e n t i c a l  t o  t h e  mass f l o w  r a t e  



The p r o p e r  way t o  model  t h e  i n i t i a l  p o t e n t i a l  c o r e  r e g i o n  
i s  t o  p u t  t h e  b u l k  o f  t h e  g r i d  p o i n t s  i n  t h e  s t r e a m  f o r  w h i c h  

= $2 o r  $02 = $3 - $ 2  i s  s m a l l e s t .  A l s o ,  i t  s h o u l d  b e  n ~ t e d  '!a t t $ may be > 0  and $ $ a t  t h e  o r i g i n ,  and i t  i s  hence 

t h e  t w o  s t reams .  
tOP 1 p o s s i b  e t o  c o n c e n t r a t e  n  t i a l  y  on t h e  i n t e r f a c e  r e g i o n  be tween 

The p rog ram c o m p u t a t i o n a l  g r i d  w i l l  a u t o m a t i c a l l y  s p r e a d  . 
o u t  t o w a r d s  $t = 0 and $3 a s  t h e  m i x i n g  p r o c e s s  o c c u r s  downstream. 
A l s o ,  more  t h a n  two  s t r e a m s  may be mode led ,  a s  l o n g  as s u f f i c i e n t  
q r i d  p o i n t s  a r e  used; each s t r e a m  s h o u l d  nave a  minimum o f  t e n  
s r i d  p o i n t s .  The i n t e r v a l  be tween q r i d  ~ o i n t s ,  A$, a t  $ = 0 i s  - 

S m a l l e s t  s t r e a m  
determined by A* = D e s i r z d  Number o f  G r i d  P o i n t s *  

3. B r i e f  D e s c r i p t i o n  o f  S u b r o u t i n e s  

The F l o w  C h a r t  i n  B l o c k  D iag ram form o f  t h e  B e l l  Ae rospace  
Combustor  C o r r e l a t i o n / P r e d i c t ' o n  Program i s  p r e s e n t e d  i n  F i g .  A-1 . 
The i m p o r t a n t  S u b r o u t i n e s  a r e  d e s c r i b e d  b r i e f l y  be low:  

MAIN i s  used t o  i n p u t  t h e  d a t a  f o r  each case,  i n i t i a l i z e  t h e  
n e c e s s a r y  v a r i a b l e s ,  and t h e n  t o  c a l l  t h e  t r u e  M a s t e r  s u b r o u t i n e  
of  t h e  Drogram, MARCH. M A I N  w i l l  a l s o  c o n t r o l  t h e  FCORE v a r y i n g  
of  t h e  v i s c o s i t y  l e v e l  and r e p e t i t i o n  o f  a  c a l c u l a t i o n  u n t i l  i t  
conve rges  upon e x p e r i m e n t a l  r e s u l t s .  

BEGIN 

BEGIN i s  used t o  s t o r e  t h e  f i t s  f o r  t h e  thermodynamic  d a t a  f o r  
t h e  c h e m i c a l  s p e c i e s .  

P I F l  i s  used t o  make l i n e a r  i n t e r p o l a t i o n s  between two one-d imen-  
s i o n a l  a r r a y s .  

HEAT 

HEAT i s  used t o  ( a )  compute t h e  c n t h a l o y  f r o m  t h e  s p e c i e  mass 
f r a c t i o n s ,  thermodynamic  f i t s ,  and t e m p e r a t u r e ,  o r  ( b )  i n v e r t  
t o  o b t a i n  t h e  t e m p e r a t u r e  f r o m  t h e  e n t h a l p y  and s p e c i e  mass 
f r a c t i o n s .  

DENSE 

DENSE i s  used t o  compute t h e  m i x t u r e  d e n s i t y ,  mass f l u x ,  and 
m o l e c u l a r  w e i g h t  a t  each p o i n t  i n  t h e  f l o w  f i e l d .  



SED ' c o n t a i n s  t h e  v i s c o s i t y  mode ls  and  employs  t h e  i n o u t  s ~ e c i f i e d  
mode l .  

MARCH 

M A R C H  i s  t h e  m a s t e r  c o n t r o l l i n g  s u b r o u t i n e  o f  t h e  a n a l y s i s ,  and 
s p e c i f i e s  t h e  sequence o f  o p e r a t i o n s  p e r f o r m e d  f o r  each s t e p  i n  
t h e  a x i a l  d i r e c t i o n .  

STEP 

STEP c o n t a i n s  t h e  a x i a l  s t e p  s i z e  s t a b i l i t y  c r i t e r i a ,  and computes  
t h e  a x i a l  s t e p  s i z e  a c c o r d i n g l y .  

PRINT 

PRINT p r i n t s  o u t  t h e  r a d i a l  p r o f i l e s  o f  t h e  i n d e p e n d e n t  and 
dependent  v a r i a b l e s  a t  a l l  s p e c i f i e d  a x i a l  l o c a t i o n s .  

CONSRV 

CONSRV s o l v e s  t h e  C o n s e r v a t i o n , E q u a t  ons f o r  t h e  change i n  t h e  1 i n d e p e n d e n t  v a r i a b l e s  (H, u, aJ o r  ii ) a c r o s s  each d i f f u s i o n  
s t e p .  

GRID 

GRID adds mesh g r i d  p o i n t s ,  and d o u b l e s  t h e  i n t e r v a l  be tween s r i d  
p o i n t s ,  as t h e  c a l c u l a t i o n  p r o c e e d s  downstream. 

BULK 

BULK computes b u l k  p r o p e r t i e s  a c r o s s  t h e  f l o w  f i e l d  a t  each  a x i a l  
s t a t i o n  

4.  I n p u t  Format  and Deck O r g a n i z a t i o n  f o r  IBM 7090 

The I n p u t  Format  r e q u i r e d  f o r  t h e  Da ta  Deck i s  shown i n  
T a b l e  A-1. As many s e t s  o f  d a t a  ( c a s e s )  may be r u n  as  d e s i r e d .  
O n l y  one END c a r d  i s  needed f o l l o w i n g  t h e  l a s t  case.  The 
o r g a n i z a t i o n  o f  t h e  c o m p l e t e  deck  f o r  t h e  I B M  7090 i s  i l l u s t r a t e d  
i n  F i g .  A-2. A sampie i n p u t  f o r  t h e  B e l l  C o a x i a l  I n j e c t o r  Case 
892,  r e a d y  f o r  key  punch ing ,  i s  p r e s e n t e d  i n  T a b l e  A-2. 

5 .  O u t p u t  Fo rma t  and Sample Case 

The O u t p u t  Format  i s  g i v e n  i n  T a b l e  A-3 and t h e  compu te r  
p r i n t o u t  o b t a i n e d  f o r  t h e  sample case above i s  shown i n  T a b l e  
A-4. I n  t h i s  p r i n t o u t ,  ETA PRED computed a t  t h e  i n i t i a l  a x i a l  



s t a t i o n  (x.0) and f i n a l  a x i a l  s t a t i o n  ( x = L )  a r e  each g i v e n  a l o n g  
w i t h  F, and ETA f o r  each i t e r a t i o n .  When t h e  v a l u e  of  F c o n s i s t e n t  
w i t h  t h e  e x p e r i m e n t a l  e f f i c i e n c y  (ETA) i s  b e i n g  d e t e r m i n e d ,  more  
t h a n  one i t e r a t i o n  i s  g e n e r a l l y  r e q u i r e d .  When o n l y  a  p r e d i c t i o n  
i s  d e s i r e d ,  t h e  v a l u e  o f  ETA mus t  be s e t  t o  z e r o  and no  i t e r a t i o n s  
w i l l  be  made. I n  such cases  o n l y  one c o m p u t a t i o n ,  w h i c h  t e r m i n a t e s  
a t  t h e  a x i a l  s t a t i o n  j u s t  beyond x=L w i l l  be made, and t h e  v a l u e s  
o f  ETA PRED a r e  c o n s i s t e n t  w i t h  t h e  i n p u t  v a l u e  o f  F. No te ,  t h a t  
when i t e r a t i o n s  a r e  r e q u i r e d  t o  d e t e r m i n e  t h e  a p p r o p r i a t e  v a l u e  
o f  F, t h e  number o f  t h e  i t e r a t i o n  p r i n t e d  o u t  w i l l  n o t  be changed 
i n  cases  i n  w h i c h  v a l u e s  of ETA PRED a r e  g r e a t e r  t h a n  99.99%. 
T h i s  p r o c e d u r e  s i m p l i f i e d  c o n s i d e r a b l y  t h e  c o u n t i n g  p r o c e d u r e  and 
r a r e l y  o c c u r s .  

6 .  C o m p u t a t i o n s  and R e s u l t s  

The c a l c u l a t i o n s  were  a l w a y s  begun assuming s l u g  ( s t z p )  
p r o f i l e s  and ScT = 0.7, P r T  = 1 .0 .  The i n i t i a l  Yo2 p r o f i l e  used  
t o  s t a r t  t h e  c o m p u t a t i o n  (x=O) f o r  Rocke tdyne  Case 12H, R e f .  9, 
i s  p l o t t e d  i n  F i g .  A-3 a l o n g  w i t h  t h e  Yo2 p r o f i l e s  computed a t  
i n t e r m e d i a t e  and f i n a l  s t a t i o n s  o f  0.5, 2.5, and 5 i n . ,  w h i c h  
were  computed u s i n g  t h e  u n r e a c t i v e  m i x i n g  c a l c u l a t i o n  d i s c u s s e d  
i n  ANALYSIS. Note ,  t h a t  f o r  t h e  b i n a r y  H / 0 2  sys tem c o n s i d e r e d ,  
Yh : 1 - Y so t h a t  t h e  c o r r e s p o n d i n g  0 H v a l u e s  c a n  he o b t a i n e d  
f r % m  t h e  p lo?;  as  w e l l .  The v e l o c i t y  a t  t h e s e  same 
s t a t i o n s  a r e  p l o t t e d  i n  F i g .  A-4. The i n i t i a l  s t e p  v e l o c i t y  
p r o f i l e s  a t  x=O a r e  s i m p l y  t h e  b u l k  mean v e l o c i t i e s  computed u s i n g  
E q .  (9). The YH2f) p r o f i l e s  computed u s i n g  e i t h e r  E q .  ( 5 l s 0 r  ( 6 )  
a r e  p l o t t e d  i n  F i g .  A-5 a t  t h e  same a x i a l  s t a t i o n s .  
e x p l a i n e d  i n  ANALYSIS t h e  w a t e r  was m e r e l y  computed f r o m  e i t h e r  
H o r  02 c o n c e n t r a t i o n s  ( w h i c h e v e r  was t h e  l i m i t i n g  r e a g e n t ) ,  and 
p  f ayed no r o l e  i n  t h e  m i x i n g  c a l c u l a t i o n ;  o f  c o u r s e ,  t h e  Y H  0 
p r o f i l e r w e r e  r e q u i r e d  f o r  t h e  c o m p u t a t i o n  o f  t h e  c o m b u s t l o g  
e f f i c i e n c y ,  npred, u s i n g  Eq. ( 8 ) .  A l t h o u g h  more s o p h i s t i c a t e d  
c o m p u t a t i o n s ,  e .g . ,  i n c l u d i n g  t h e  f i n i t e  r a t e  c h e m i s t r y ,  a r e  
w i t h i n  t h e  c a p a b i l i t y  of t h e  computer  p rogram,  t h e  success  
a c h i e v e d  w i t h  t h e  v e r y  s i m p l e  app roach  s u g g e s t e d  t h a t  e x p e n d i t u r e  
of a d d i t i o n a l  computer  t i m e  was u n w a r r a n t e d  - a s  l o n g  as o n l y  t h e  
c o m b u s t i o n  e f f i c i e n c y  was t o  b e  p r e d i c t e d  r a t h e r  t h a n  d e t a i l s  of  
t h e  f l o w .  

The H2/02 m i x i n g  c o m p u t a t i o n s  a r e  w e l l  i l l u s t r a t e d  i n  F i g s .  
A-3 t o  A-5. T h e r e  i s  g r a d u a l  m i x i n g  of b o t h  mass and momentum 
( s t a g n a t i o n  t e m p e r a t u r e  r e m a i n s  c o n s t a n t ) .  As mass m i x ' n g  Dro -  
ceeds,  t h e  computed w a t e r  l e v e l  g rows,  and hence, l ' )pred con-  
t i n u a l l y  i n c r e a s e s  [ E q .  ( 8 ) ] .  S t a r t i n q  w i t h  a  q i v e n  s e t  of i n i -  
t i a l  c o n d i t i o n s ,  t h e r e  i s  a  o n e - t o - o n e  c o r r e s ~ o n d e n c e  between t h e  
YH 0 p r o f i l e s  and n p r e d .  I n  t h e  i t e r a t i o n  t o  d e t e r m i n e  t h e  ao-  
p r 6 p r i a t e  v a l u e  of , t h e  p r o f i l e s  a t  t h e  f i n a l  a x i a l  s t a t i o n ,  
x=L, a r e  " a d j u s t e d "  u n t i l  n p r e d  computed f rom E q .  ( 8 )  y i e l d s  nexp  
t o  w i t h i n  t h e  d e s i r e d  t o l e r a n c e ,  e .g . ,  0 .1%. 



Va lues  o f  t h e  t u r b u l e n t  v i s c o s i t y ,  i .e., eddy  v i s c o s i t y ,  
E , used t h r o u g h o s ] t  t h e  m i x i n g  c o m p u t a t i o n  f o r  Rocke tdyne  T e s t s  
I ~ H ,  14H, and 18H. Ref .  9, a r e  p l o t t e d  i n  F i g .  A - 6 .  N o t e  t h a t  
by assumpt ion  E,, i s  n o t  a  f u n c t i o n  of r a d i a l  p o s i t i o n ,  and so  
i s  c o n s t a n t  a t  each =a1 p o s i t i o n .  These p a r t i c u l a r  t e s t  cases 
were s e l e c t e d  because t h e y  c o v e r e d  t h e  e n t i r e  V R  r a n g e  o f  t h e  
Rocketdyne C o a x i a l  I n j e c t o r  t e s t  d a t a ;  T e s t  14H i s  a t  t h e  maximum 
of t h e  c u r v e  of F  vs  V i n  F i g .  A - 7 .  F o r  compar i son ,  v a l u e s  o f  B c ode1 c o a p u t e d  d i r e c t  y f r o m  Eq.  ( 4 )  a r e  p r e s e n t e d  i n  F i g ,  A - 8 ,  
07 course ,  t h e s e  v a l u e s  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c,'s 
p l o t t e d  i n  F i g .  A - 6  [ E q .  ( I ) ] ;  however, t h e i r  r e l a t i v e  m a g n i t u d e s  
a r e  s h i f t e d  because t h e  F ' s  v a r y  ( a s  do t h e  n o s ) .  I n  v i e w  of t h e  
e r r a t i c  b e h a v i o r  of t h e s e  m i x i n g  c o e f f i c i e n t s ,  i t  i s  v e r y  s u r -  
p r i s i n g  t h a t  u s e f u l  c o r r e l a t i o n s ,  such as t h o s e  p r e s e n t e d  i n  
F i g .  A - 7  were o b t a i n e d ;  however,  u s e f u l  c o r r e l a t i o n s  have been 
o b t a i n e d  f o r  e v e r y  case  t o  w h i c h  t h e  t e c h n i q u e  has been a p p l i e d .  
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LINE - 

Table  A-3 
Be1 1  Combustor C o r r e l a t i  on and P red i  c t i  on Program 

OUTPUT FORMAT 

NAME - FORMAT - DESCRIPTION 

PROGRAM 
H E A D I N G  

T ITLE 18A4 I n p u t  Run D e s i g n a t i o n ,  I D ,  e t c .  

ETA 
F  
PC 
L  
EL 
VRINJ 
OF!NJ 
R1 I N  

Expe r imen ta l  Combusti on E f f i c i e n c y  (%) *  
I n p u t  C o r r e l a t i o n  F a c t o r  
I n p u t  Chamber Pressure  ( p s i a )  
I n p u t  Chamber Leng th  ( i n . )  
I n o u t  No. o f  I n j e c t o r  Elements 
V e l o c i t y  a t  H2/Veloc7ty  02 I n j e c t o r  
02/H2 Mass F low R a t i o  a t  I n j e c t o r  
Radius o f  C e n t r a l  J e t  ( e f f e c t i v e  r a d i u s  
if n o t  ax i symmet r i c  i n j e c t o r )  ( i n . )  

MDOTH2 F15.6 I n p u t  1 dH a t  I n j e c t o r  ( l bm /sec )  
e 
L 

AH2INJ F15.6 I n p u t  1 Area H2 a t  I n j e c t o r  ( i n e 2 )  

MDOTH2/EL F15.6 1 dH A / I n j e c t o r  Element ( I bm lsec -e lemen t )  
L 2  AHZINJIEL F15.6 1 Area H p / I n  j e c t o r  Element ( i n .  / e l emen t )  

UH2INJ F15.6 H2 J e t  v e l o c i t y  ( i n  a n n u l u s ) ( f t / s e c )  

M DOT 02 F15.6 I n p u t  1 no I n j e c t o r  ( l b m l s e c )  
e 
L 

A02INJ 2  F15.6 I n p u t  1 Area O2  I n j e c t o r  ( i n .  ) 

MDOT02/EL F15.6 1 do /injector Element ( l bm lsec -e lemen t )  
2  

A621NJ/EL F15.6 1 Area 0 2 / I n j e c t o r  Element : i n . * / e l emen t )  

U02INJ F15.6 O 2  J e t  V e l o c i  t y  ( c e n t r a l  j e t ) ( f t / s e c )  

X F15.4 A x i a l  S t a t i o n  ( i n . )  
L  F15.2 I n p u t  Chamber Lenq th  ( i n . )  
F  F15.6 I n p u t  C o r r e l a t i o n  F a c t o r  
ETA PRED F15.3 Computed/Pred ic ted Combust ion E f f i c i e n c y  !%) 
ETA F15.1 Exper imenta l  Combustion E f f i c i e n c y  ( % )  

( r e p e a t e d  f o r  c o m ~ a r i s o n )  
ITER 19 No. o f  i t e r a t i o n  when i n s u t  ETA>O; o t h e r -  

w i se  b l a n k  

*If ETA=O p r e d i c t  Combustion E f f i c i e n c y  u s i n g  i n p u t  v a l u e  o f  t h e  
C o r r e l a t i o n  F a c t o r ,  F. I f  ETA>O, e.g.,  95%, a  v a l u e  o f  F  con-  
s i s t e n t  w i t h  t h e  i n p u t  ETA w i l l  be de te rmined  by  i t e r a t i o n .  

A-10 
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Figure A-1. Block Diagrm - Bell Aerospace Combustor 
Correlation tornputer Program 
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F i g u r e  A-2  - The Be17 Aerospace Combustor Correlation Deck 
Organization for the IB M  7090 



MASS FRACTION 
OXYGEN, Y 

0 2  

RADIAL DISTANCE, IN. 

Figure A-3. Mass Fraction Oxygen at Various Axial Stations Computed using eg of Figure A-6 
Rocketdyne Coaxial Injector Test 12H, Ref. 9 
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1.00 - ~PRED(%) 
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Figure A-5. Water Profiles at Various Axial Stations Computed using Eqs (5) and (6) - 
Rocketdyne Coaxial Injector Test 12H, Ref 9 





CORRELATION 
FACTOR, F 

ROCKETDYNE COAXIAL 
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FILM 
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Figure A-7. Correlation of Rocketdyne Coaxial Injector Performance Data, Ref 9 
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Figure A-8. Comparison of Predictions of Mixing Model, [Eq. (4)) for Rocketdyne 
Coaxial Injector Tests 12H, 14H, and 18H, Ref. 9 



NOMENCLATURE 

Area, f t  2 

T o t a l  i n j e c t i o n  a r e a  f o r  a  p a r t i c u l a r  p r o p e l l a n t ,  f t  2 

E m p i r i c a l  d e n s i  t y  p a r a m e t e r  ( a  pU/pmin ) l . 5  

Number o f  i n j e c t o r  e l e m e n t s  

C o r r e l a t i o n  F a c t o r  ( a  E , , / E ~ ~ ~ ~ ~  1 
E m p i r i c a l - l e n g t h  p a r a m e t e r  ( s  0.5 + 0.0051; 1 c 100, 
and 1.0; z - > 100)  

T o t a l  qass  f l o w  r a t e  o f  gaseous p r o p e l l a n t  measured a t  
i n j e c t o r ,  l bm/sec  

L e n g t h  o f  c o m b u s t i o n  chamber ( i n j e c t o r  t o  n o z z l e  t h r o a t ) ,  
f t 

Mach number 

M o l e c u l a r  w e i g h t ,  l b m l l b - m o l e  

C o m ~ u t e d  mass f l o w  r a t e ,  l bm/sec  

S t a t i c  p r e s s u r e ,  I b f / f t  2 

Chamber p r e s s u r e ,  1  b f / f t  2 

S t a t i c  p r e s s u r e  d u r i n g  h o t  f i l m  c a l i b r a t i o n ,  I b f / f t  2 

T o t a l  p r e s s u r e ,  1  b f  / f  t 2 

T u r b u l e n t  P r a n d t l  number 

U n i v e r s a l  gas c o n s t a n t ,  1545 f t - 1  b f / l  b-mol e-OR 

" E f f e c t i v e "  r a d i u s  o f  c e n t r a l  o x i d i z e r  i n j e c t o r ,  
d e f i n e d  i n  E q .  ( l l ) ,  f t  

" E f f e c t i v e "  r a d i u s  o f  a n n u l a r  f u e l  i n j e c t o r ,  
d e f i n e d  i n  Eq .  ( 1 2 ) ,  f t  

Rad i  a1 c o o r d i  na t e ,  f t 

T u r b u l e n t  Schmid t  number 

S t a t i c  t e m p e r a t u r e ,  O R  
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T o t a l  o r  s t a g n a t i o n  t e m p e r a t u r e ,  O R  

A x i a l  v e l o c i t y ,  f t / ;ec  

T ime mean(ave rag4  v e l o c i t y ,  f t / s e c  

T u r b u l e n c e  i n t e n s i t y ,  f t / s e c  

I n d i c a t e d  mean v e l o c i t y  ( h o t  f i l m ) ,  f t l s e c  

V e l o c i t y  r a t i o  (: UH /Uo ) 
2  2 

Mass f r a c t i  on 

A x i a l  c o o r d i n a t e ,  f t  

N o r m a l i z e d  a x i a l  c o o r d i n a t e  ( I  2/2R1) 

R a t i o  o f  s b o c i f i c  h e a t s  

T u r b u l e n t  ( e d d y )  v i s c o s i t y  p r e d i c t e d  b y  E q .  ( 4 ) ,  
1  b m / s e c - f t  

T u r b u l e n t  ( e d d y )  v i s c o s i t y  used i n  c o m ~ u t a t i o n  of 

'bred (' F'model ) ,  1  b m l s e c - f t  
E x p e r i m e n t a l l y  d e t e r m i n e d  c o m b u s t i o n  e f f  f c i e n c y  

Combust ion  e f f i c i e n c y  p r e d i c t e d  u s i n g  compu te r  o rogram 

D e n s i t y ,  1  b m / f t 3  

D e n s i t y  d u r i n g  c a l i b r a t i o n  of h o t  f i l m ,  1 b m / f t 3  

S u b s c r i p t s  

e  E x t e r n a l  o r  f r e e s t r e a m  c o n d i t i o n s  

i C e n t r a l  o r  i n n e r  

L S p l i t t e r  p l a t e  o r  l a n d  

o  A n n u l a r  o r  o u t e r  

u C o n d i t i o n  a t  v e l o c i t y  h a l f  r a d i u s  where u z 0 . 5 ( ~ ~ ~ ~  + 
"m in )  

OD F r e e s t r e a m  c o n d i t i o n  
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